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TUESDAY, JULY 23, 1991

CABARET LOBBY
6:00 pm-9:00 pm REGISTRATION

ELDORADO ROOM
7:00 pm-8:30 pm INFORMAL RECEPTION

WEDNESDAY, JULY 24, 1991

CABARET LOBBY
7:00 am-5:00 pm REGISTRATION/SPEAKER CHECK-IN

ANDERSON ROOM (Conference Centen)
7:00 am-8:00 am BREAKFAST

CABARET ROOM

8:00 am
OPENING REMARKS
David Payne, University of Southampton, United Kingdom

8:15 am-8:45 am

WA, PLENARY SESSION

David Payne, University of Southampton, United Kingdom,
Presider

8:15 am (Invited)

WA1 Toward network transparency with photonic ampli-
fiers, Peter Cochrane, Christopher J. Todd, British Telecom
Research Laboratories, U.K. Optical amplifiers witi revolu-
tionize telecommunications and make possible new classes
of virtually lossless network with a dual digital-analog capa-
bility and almost infinite split ratios. (p. 2)

8:45 am-10:00 am

WB, DOPED FIBER AMPLIFIERS

R. I. Laming, University of Southampton, United Kingdom,
Presider

8:45 am (Invited)

WB1 Progress in erbium doped fiber amplifiers, J. R. Simp-
son, D. J. DiGiovanni, AT&T Bell Laboratories. The perform-
ance of erbium doped fiber amplifiers continues to be
challenged by applications requiring output powers of tens
of milliwatts, high gain-bandwidth products and quantum
limited noise. Progress in realizing these goals wilt be dis-
cussed. (p. 8)

WEDNESDAY, JULY 24, 1991—Continued

9:15 am (Invited)

WB2 Prospects for fiber amplifiers at 1.3 um, Mike Brierley,
British Telecom Research Laboratories, U.K. For fiber ampii-
fiers at 1.3 um two practical possibilities present themselves,
neodymium doped ZBLAN and praseodymium-doped
ZBLAN. Recent results show praseodymium to be the better
prospect. (p. 12)

9:45 am

WB3 Nd*-doped fluoride fiber amplifier module with 10-dB
gain and high pump efficiency, Yoshiaki Miyajima, Tomoki
Sugawa, Tetsurou Komukai. NTT Transmission Systems
Laboratories, Japan. A gain of 10 dB was obtained in a
neodymium-doped fluoride fiber amplifier by using bidirec-
tional 25-mW pumping and a 1.05-xm rejection filter. (p. 16)

CABARET LOBBY
10:00 am-10:30 am COFFEE BREAK/EXHIBITS

CABARET ROOM

10:30 am-12:00 m

WC, LASER DIODE PUMP SOURCES

K. Kurumada, NSC Electronics Laboratories, Japan and M.
O'Mahony, British Telecom Research Laboratories, United
Kingdom, Presiders

10:30 am (Invited)

WC1  1.48 um and 0.98 xm high-power laser diodes for erhium-
doped fiber amplifiers, lkuo Mito, Kenji Endo, NEC Corpora-
tion. Reported here is recent progress in the development of
1.48 pm and 0.98 um wavelength high-power laser diodes. Multi-
quantum well or strained quantum well structures, employed
as active layers, have facilitated both high power operations
and reliable long-time aging tests under high output condi-
tions of up to 100 mW. (p. 22)

11:00 am

WC2 0.98-um strained single quantum well lasers launching
high optical power in a single-mode fiber, Masato Wada,
Kaoru Yoshino. Tokai-mura, Japan; Masanobu Okayasu, Jiro
Temmyo, NTT Opto-electronics Laboratories, Japan. Optical
power as high as 58 mW in a single-mode fiber is obtained
using narrow-ridge waveguide 0.98-»m lasers on the basis of
an investigation of epitaxial layer structures. (p. 26)

11:15 am

WC3 High power operation of 1.48-um GainAsP/GainAsP
strained-layer multiple quantum well lasers, H. Kamei, M.
Yoshimura, H. Kobayashi, N. Tatoh, H. Hayashi, Sumitomo
Electric Industries, Ltd., Japan. 1.48-um GalnAsP/GalnAsP
MQW lasers were fabricated by OMVPE. Maximum light out-
put power of 236 mW was obtained for a 300-um long laser
with 1% compressive strain in quantum wells. (p. 30)
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WEDNESDAY, JULY 24, 1991—Continued

11:30 am

WC4 Single-mode 980-nm pump lasers for fiber amplifiers,
F. D. Crawford, W. F. Sharfin, B. Eiman, R. B. Lauer, P.
Mabrahtu, E. Eichen, GTE Laboratories, Inc. Ridge wave-
guide 980-nm wavelength, InGaAs/GaAs lasers that lase as
high as 170 mW have been fabricated to pump Er* opticai
fiber amplifiers. (p. 34)

11:45 am

WC5 High power 980-nm ridge waveguide laser in a single-
mode fiber coupled package, Richard F. Murison, Shuyen R.
Lee, Nigel Holehouse, Alan H. Moore, Kenneth M. Dzurko,
EG&G Canada Ltd; Aldo Righetti, Giorgio Grasso, Flavio
Fontano, Societa Cavi Pirelli spa, Italy; Christian F. Schaus,
Shangzhu Sun, U. New Mexico; Nancy A. Dinkel, John C.
Connolly, David Sarnoff Research Center. A 980-nm strained
layer ridge waveguide laser is described, exhibiting 54-mW
coupled power into a single-mode fiber pigtail. Systems per-
formance in an EDFA power amplifier is described. (p. 38)

12:00 m-1:30 pm LUNCH (on your own)

CABARET LOBBY
12:00 m-1:30 pm EXHIBITS

CABARET ROOM

1:30 pm-3:00 pm
WD, MATERIAL EFFECTS IN FIBER AMPLIFIERS
G. Grasso, Societa Cavi Pirelli SpA, ltaly, Presider

1:30 pm (Invited)

WD1 Materials for erbium-doped fiber amplifiers, William J.
Miniscalco, GTE Laboratories, Inc. The composition of the
host glass significantly affects the characteristics of Er*
fiber amplifiers. For silica, codoping with Al,O, has particu-
larly important optical and material implications. (p. 44)

2:00 pm

WD2 Nonlinear excited state absorption in Er*-doped fiber
with high power 980-nm pumping, M. G. Sceats, P. A. Krug,
G. R. Atkins, S. C. Guy, S. B. Poole, U. Sydney, Australia. We
report the measurement of nonlinear excited state absorp-
tion in Er**-doped fibers pumped at 980 nm. The implications
for high power high-gain amplifiers are discussed. (p. 48)

2115 am

WD3 Amplification reduction in fiber amplitiers due to up-
conversion at Er* concentrations below 1000 ppm, P. Blixt, J.
Nilsson, B. Jaskorzynska, Royal Institute of Technology,
Sweden; T. Carinas, Ericsson Cables AB, Sweden. We show
that up-conversion drastically reduces amplification for Er**-
doping concentrations of 70-840 ppm by weight. Comparing
experimental and simulated characteristics, we obtain an
- up-conversion coefficient of 10 m¥/s. (p. 52)

“
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WEDNESDAY, JULY 24, 1991—Continued

2:30 pm

WD4 Erbium-doped fiber amplifiers pumped in the 800-nm
band, B. Pedersen, Technical U., Denmark; S. Zemon, W. J.
Miniscalco, M. P. Singh, GTE Laboratories, Inc. The perform-
ance of Er-doped silica and fluorophosphate fiber ampli-
fiers pumped at 800 nm has been analyzed using measured
parameters, including excited state absorption cross sec-
tions. (p. 56)

2:45 pm

WD5 Gain characteristics of a lanthanum co-doped erbium
tiber amplifier, Yasuo Kimura, Masataka Nakazawa, NTT
Transmission Systems Laboratories, Japan. A ianthanum
co-doped erbium fiber amplifier has a gain of 35-43 dB at
1.535 um. A moderate gain flattening effect was observed at
1.552 um. (p. 60)

CABARET LOBBY
3:00 pm-3:30 pm COFFEEZ BREAK/EXHIBITS

CABARET ROOM

3:30 pm~4:30 pm

WE, SEMICONDUCTOR OPTICAL AMPLIFIERS

J. J. O'Reilly, University of Wales, United Kingdom
and M. Suyama, Fujitsu Ltd., Japan, Presiders

330 pm (Invited)

WE1 The future role of semiconductor optical amplifiers, I.
W. Marshall, British Telecom. Despite the development of
Er* doped fiber ampilifiers, semiconductor amplifiers still
have important applications at 1.3um and as fast optical
switches for routing, timing extraction and wavelength con-
version.

(p.66)

4:00 pm

WE2 Laser structure for polarization insensitive semicon-
ductor amplifier with low current consumption, P. Doussiere,
B. Mersali, A. Accard, P. Garabedian, G. Gelly, J. L
Lafragette, F. Leblond, G. Michaud, M. Monnot, B. Fernier,
Alcatel Alsthom Recherche, France. Using a high yield pro-
cess polarization insensitive amplifiers are made with 18-dB
fiber to fiber gain for low forward current and reflectivities
below 10 (p. 68)

4:15 pm

WE3 Strained layer quantum well semiconductor optical
amplifiers: polarization insensitive amplification, M. Joma, H.
Horikawa, M. Nakajima, M. Kawahara, T. Kamijoh, Oki/ Elec-
tric Industry Co., Japan. Polarization insensitive optical
amplification was demonstrated in newly developed semi-
conductor amplifiers that have strained GalnAsP quantum
well structures as active layers. (p. 72)




WEDNESDAY, JULY 24, 1991—Continued

4:30 pm-5:50 pm
PP, PRODUCT PRESENTATIONS
S. Poole, University of Sydney, Australia, Presider

4:30 pm-4:50 pm

PP1 EDFA Consuitants, Kingston, RI, Dr. Harish R. D.
Sunak, President, is author of “Bibliography on Erbium-
doped fiber amplifiers 1987-1990” with 600 references and
subject index and Fundamentals of EDFA’s with learning
software.

4:50 pm-5:10 pm

PP2 Santec USA Corp., Saddlebrook, NJ. Roseanee
DeBlack. The tunabie semiconductor iaser TSL-80 is avail-
able in 1.55 um or 1.30 um wavelength with tunability of more
than 80 nm. Front keypad allows easy manual operation GP-
1B provides external control oi all keypad functions. Most
suitable for applications such as devices as isolators, wave-
guides, switches, filters, couplers, amplifiers, fibers. Optical
amplifier testing is made easy with the OAT-3000 from
Santec. One engineer can operate the system and measure
parameters for EDFA and SLA. Chips for SLA can also be
characterized using a test fixture with a precise positioning
stage. Accurate. Reliable. User-friendly.

5:10 pm-5:30 pm

PP3 JDS Fitel, inc., Canada, Joseph Straus. JOS Fitel will
present several passive components for design and manu-
facturing of fiber ampilifiers, including couplersiwdm’s,
blocking filters and polarization beamsplitters/icombiners.
Self-contained fiber amplifier modules will also be presented.

5:30 pm-5:50 pm

PP4 Pirefii Cable Corp., Lexington, SC, Alan Guest. Piretli
Cable Corporation, world leader in designing and manufac-
turing Erbium Doped Fiber Amplifiers, presents Ampliphos; a
self-contained EDFA designed for lab use with 15 dBm satur-
ated output power and 30 dB gain.

CABARET LOBBY

6:00 pm-7:00 pm EXHIBITS

ROOF GARDEN (Conference Center)
7:00 pm-8:30 pm RECEPTION

vii

THURSDAY, JULY 25, 1991

CABARET LOBBY
700 am-~5:00 pm REGISTRATION/SPEAKER CHECK-IN

ANDERSON ROOM (Conference Center)

700 am-8:00 am BREAKFAST

CABARET ROOM

8:00 am-~10:00 am

ThA, ULTRA-LONG DISTRANCE TRANSMISSION
SYSTEMS

C. R. Giles, AT&T Bell Laboratories, USA, Presider

800 am (Invited)

ThA1 System limitations for fiber amplifier cascades,
Takeshi tto, NTT Transmission S, stems Laboratories, Japan.
Fiber dispersion, amplifier performance, and noise accumu-
lation limitations on amplifier cascade system performance
as defined by (bit rate) x (distance) are evaluated from a
system design viewpoint. (p. 78)

8:30 am

ThA2 Erbiu fiber amplifier spectral behavior in
transoceanic links, J. P. Blondel, J. F. Marcerou, J. Auge, H.
Fevrier, P. Bousselet, A. Dursin, Alcatel Alsthom Recherche,
France. A model giving complete output spectra has been
experimentally valicated and simulations have been done for
long haul links, in various configurations such as autofilter-

ing. (p. 82

8:45 am

ThA3 Evaluation of theoretical limits of cascaded EDFA
transmission systems, O. Audouin, L. Prigent, J. P. Blondel,
J. P. Hamaide, J. M. Gabriagues, Alcatel Alsthom Recherche,
France. We have investigated some limits of multiamplifier
transmission systems, by performing numerical simulations
taking into account dispersion, Kerr effects, and amplified-
spontaneous-emission. (p. 86)

9:00 am

ThA4 Characteristics of single-carrier fiber-optic transmis-
sion systems using optical amplifiers, S. Yamamoto, H.
Taga, Y. Yoshida, H. Wakabayashi, KDD R&D Laboratories,
Japan. The effect of variations around zero dispersion of a
single-carrier optical fiber transmission system using optical
amplifiers was characterized by numerical simulations and
by a circulating loop. (p. 90)

9:15 am

ThAS Bit-ermorrate measurements of a muitithousant-kil-
ometer fiber-amplifier transmission system a cir
culating loop, Neal S. Bergano, Jennifer Aspell, C. R. David-
son, P. R, Trischitta, B. M. Nyman, F. W. Kerfoot, AT&T Bell
Laboratories. We expand on the method and results of a cir-
culating toop experiment used to demonstrate the feasibility
of ultralong distance transmission employing EDFA at high
bit rates. (p. 84)




THURSDAY, JULY 25, 1991—Continued

9:30 am (Invited)

ThA6 Ultralong distance soliton transmission using erbium
fiber amplifiers, L. F. Mollenauer, AT&T Bell Laboratories. We
report soliton transmission through a chain of dispersion
shifted fiber segments and low gain erbium amplifiers, with
measured bit error rate <107 over transoceanic paths at 2.5
Gbits/s. (p. 98)

CABARET LOBBY
10:00 am-10:30 am COFFEE BREAK/EXHIBITS

CABARET ROOM

10:30 am-12:00 m

ThB, SPECTRAL CHARACTERISTICS OF FIBER
AMPLIFIERS

W. J. Miniscalco, GTE Laboratories, USA, Presider

10:30 am (Invited)

ThB1 Spectral gain cross saturation and hole buming in
wideband Er-doped fiber amplifier amplifers, M. Tachibana,
Seiko Instruments, Inc., Japan; R. |. Laming, P. R. Morkel, D.
N. Payne, Southampton U., U. K. Cross saturation character-
istics are investigated in broadband 1.48-um pumped and
980-nm pumped gain-shaped EDFAs. Gain-shaping is shown
to give a more uniform spectral gain compression on satura-
tion. (p. 104)

11:00 am

ThB2 Multichannel amplification characteristics of satu-
rated erbium-doped fiber amplifiers, Y. H. Cheng, N. Kagi, A.
Oyobe, K. Nakamura, Furukawa Electric Co., Ltd., Japan. The
amplification characteristics of a Gel/Erdoped and a
Ge/AlEr-doped silica fiber post amplifiers are compared ex-
perimentally in @ multichannel system. (p. 108)

11:15 am

ThB3 Diode-pumped, electrically tunable erbium-doped
fiber ring laser with a fiber Fabry-Perot etalon, J. L. Zyskind,
J. W, Sulhoff, J. Stone, D. J. DiGiovanni, L. W. Stulz, H. M.
Presby, A. Piccirilli, P. E. Pramayon, AT&T Bell Laboratories.
A diode-pumped erbium-doped fiber laser tuned by a fiber
Fabry-Perot etaton has low threshold (2.9 mW), high stope ef-
ficiency (0.15), and wide tuning range (60 nm). (p. 112)

11:30 am

ThB4 Widely tunable actively mode-lock~d erbium fiber
ring laser, T. Pfeiffer, H. Schmuck, SEL Aicatel Research
Center, F.R.G. A widely tunable actively mode-locked erbium-
doped fiber ring laser pumped by a 980-nm laser diode is pre-
sented. It emits picosecond pulses in the range 1529-1562
nm at variable repetition rates up to 6 GHz. (p. 116)

viii

THURSDAY, JULY 25, 1891—Continued

11:45 am

ThBS Femtosecond soliton collapse by modula-
tion instability in erbium-doped fiber ampilifiers, |. R. Gabitov,
L. D. Landau Institute for Theoretical Physics, U.S.S.R.; M.
Romagnoli, S. Wabnitz, Fondazione Ugo Bordoni, Italy. A fre-
quency modulation instability leads to femtosecond soliton
collapse in erbium fiber amplifiers, generating a train of
pulses that cotlide under Raman self-scattering. (p. 120)

12:00 m-1:30 pm LUNCH (on your own)

CABARET LOBBY
12:00 m-1:30 pm EXHIBITS

CABARET ROOM

1:30 pm-2:45 pm

ThC, CARRIER DYNAMICS AND NONLINEARITIES IN
SEMICONDUCTOR AMPLIFIERS

G. Eisenstein, Technion-israel institute of Technology,
Israel, Presider

1:30 pm  (Invited)

ThC1 Nonlinear effects in semiconductor optical ampli-
fiers, Takaaki Mukai, Tadashi Saitoh, NTT Basic Research
Laboratories, Japan. Nonlinear effects in semiconductor op-
tical ampilifiers, such as signal gain saturation and nearly
degenerate four-wave mixing, are reviewed from the view-
points of physical mechanism and use. (p. 126)

2:00 pm

ThC2 Characterization of high speed phase modulators
based on semiconductor optica: amplitiers, T. N. Nielsen, U.
Gliese, B. Mikkelsen, K. E. Stubkjaer, Technical U. Denmark;
B. Fernier, P. Doussiere, J. L. Lafragette, Alcate! Alsthom
Recherche, France. Optical phase modulation with a semi-
conductor optical amplifier is investigated. By equalizing the
phaseresponse, the 3-dB bandwidth is extended from 600
MHz to 2.5 GHz. (p. 130)

2:15 pm

ThC3 Coupling between barrier and quantum well energy
ctates in a multiple quantum well optical amplifier, N. Tes-
ster, R. Nagar, G. Eisenstein, Technion-israel Institute of
Technology; U. Koren, G. Raybon, AT&T Bell Laboratories.
We report broadband static pump-probe measurements of
interactions between carriers at energy levels in the barrier
and quantum wells in 1.5 pm muitiple quantum well amplifier.
(p. 139)




THURSDAY, JULY 25, 1991—Continued

2:30 pm

ThC4 Phase modulation and optical switching by a semi-
conductor laser amplifier, A. C. Labrujere, PTT-Research
Neher Laboratories. The Netheriands; C. A. M. Steenbergen,
C. J. van der Laan, Delft U. Technology. The Netherlands. Op-
eration of a semiconductor faser amplifier simultaneousty as
phase modulator and optical switch is proposed. Theoretical
and experimental results on performance in saturation are
reported. (138)

2:45 pm-3:45 pm

ThD COMPONENTS AND NOVEL AMPLIFIER
CONFIGURATIONS

M. Nakazawa. NTT Transmission Systems Laboratories,
Japan. Presider

2:45 pm

ThD1 Fiber Bragg filters for pump rejection and recycling
in erbium doped fiber amplifiers, M. C. Farries, C. M. Rag-
dale, D. C. J. Reid. Plessey Research Caswell, Ltd., UK.
Broadband chirped fiber Bragg filters centered at 980 nm
with 99% reflectivity are reported. The filters are used to r- -
ject and recycle unabsorbed pump light from a fiber ampili-
tier. (p. 144)

300 pm

ThD2 Gain enhancement in reflected-pump erbium-doped
fiber amplifiers. C. R. Giles, J. Stone, L. W. Stulz, K. Walker, C.
A. Burrus. AT&T Beli Laboratories. Improved performance of
EDFAs is achieved using wavelength-selective reflective
tilters to double-pass the pump beam. in low-gain amplifiers
these filters can increase the saturation output power by 2
dB or reduce the pump power requirements. (p. 148}

3:15 pm

ThD3 Accurate modeling of distributed erbium-doped fiber
ampfifiers with bidirectional pumping, E. Desurvire, D. Chen,
Columbia U. An accurate mode! for low-gain erbium-doped
fiber amplifiers with fiber background loss is presented. An
exact analytical expression is derived for the gain as a func-
tion of input pump power in the cases of unidirectional or
bidirectional pumping. (p. 152)

3:30 pm

ThD4 73.6-km attenuation free concatenated fibers doped
with distributed erbium, D. Tanaka, A. Wada, T. Sakai, T.
Nozawa, R. Yamau-hi, Fujikura, Ltd., Japan. Based on a
theoretical investigation of lengthwise erbium distribution,
73.6-km attenuation-free fiber doped with distributed erbium
has been achieved by 66-mW x bidirectional pumping.

(p. 156)

CABARET LOBBY
3:45 pm-4:15 pm  COFFEE BREAK/EXHIBITS

. THURSDAY, JULY 25, 1991—Continued

CABARET ROOM

4:15 pm-5:15 pm
ThE, HIGH EFFICIENCY AND SATURATED AMPLIFIERS
E. Desurvire, AT& I Bell Laboratories, USA, Presider

4:15 pm

ThE1 Noise characteristics of the EDFA in gain saturation
regimes. J. F. Marcerou, H. Fevrier, J. Hervo, J. Auge, Alcate!
Alsthorn Recherche, France. Noise properties of EDFA are
studied in various signal regimes. New experimental be-
haviors are theoretically confirmed for 1.48um pumped
amplifiers. (p. 162)

4:30 pm

ThE2 Characteristics of 1.48-um pumped erbium-doped
fiber amplifier with high efficiency, Tomonori Kashiwada,
Masayuki Shigematsu, Takashi Kougo, Hiroo Kanamori.
Masayuki Nishimura, Sumitomo Electric Industries, Ltd.,
Japan. An erbium-doped fiber amplifier pumped at 1.48 ym
with high efficiency has been developed. A slope efficiency
»f 86% and a gain coefficient of 6.3 dB/mW have been
achieved. (p. 166)

4:45 pm

ThE3 Conversion efticiency and noise in erbium-doped
fiber power amplifiers, B. Pedersen, Technical U. Denmark;
M. L. Dakss, W. J. Miniscalco. GTE Laboratories, Inc. A com-
prebensive analysis of Er*-doped fiber power amplifiers
pumped at 980 nm and 1480 nm is presented. The effects of
waveguide design and erbium confinement on conversion ef-
ficiency and noise figure are elucidated. (p. 170)

5:00 pm

ThE4 Pump configuration and length optimization of an er-
bium-doped fiber amplifier for low-noise and high power op-
eration, M. Suyama. |. Yokota, S. Watanabe, H. Kuwahara,
Fujitsu Labaratories, Lid., Japan. We obtained an erbium-
doped fiter amplifier (EDFA) with 15-dBm output power and
6-dB noise figure by a proper choice of pump configuration
and length optimization of EDFA. (p. 174)

5:15 pm-7:00 pm
PD, POSTDEADLINE PAPER SESSION
R. E. Wagner. Bellcore, USA, Presider




FRIDAY, JULY 26, 1991 .

CABARET LOBBY
7:00 am-5:00 - REGISTRATION/SPEAKER CHECK-IN

ANDERSON ROOM (Conference Center)
7:00 am-8:00 am BREAKFAST

CABARET ROOM

8:00 am-9:45 am
FA, SYSTEM PERFORMANCE CONSIDERATIONS
Y. K. Park, AT&T Bell Laboratories, USA, Presider

8:00 am (Invited)

FA1 The appropriateness of squeezed light for long-dis-
tance communication, Bernard Yurke, AT&T Bell Laborator-
ies. Squeezed light allows suitable optical systems to
operate below the shot-noise limit. The usefulness of
squeezed lignt for long-distance communication will be
assessed. (p. 180)

1:30 am

FA2 Preamplified direct detection versus heterodyne de-
tection: can they be equivalent? Ozan K. Tonguz, SUNY-Buf-
falo; Richard E. Wagner, Belicore. The interrelationship of
heterodyne receivers and preamplified direct-detection re-
ceivers is explained. We show that under certain conditions
these two lightwave receiver types have equivalent per-
formance. (p. 183)

8:45 am

FA3 Comparison of direct and coherent detection systems
with optical amplifiers, S. W. Granlund, Y. K. Park, AT&T Bell
Laboratories. We report on an experimental and theoreticat
comparison of direct and coherent 1.7-Gbit/s detection sys-
tems using practical system components including erbium-
doped fiber amptifier modules. (p. 187)

9:00 am

FA4 High receiver sensitivity at 2.5 Gbit/s obtained with a
highly efficient low noise diode pumped erbium-doped fiber
ampilifier, B. Mikkelsen, C. G. Joergensen, T. Durhuus, K. E.
Stubkjaer, Technical U. Denmark; J. A. van den Berk, Tele-
com Denmark; C. F. Pedersen, NKT Elektronik, Denmark; C.
C. Larsen, Lycom, Denmark. A preamplifierreceiver sensitiv-
ity of —43.0 dBm is obtained at 2.5 Gbit/s using an erbium-
doped fiber amplitier pumped bidirectionally with laser
diodes at 98" and 1480 nm. The total pump power is 14 mW
and the noise figure 3.1 dB. (p. 192)

FRIDAY, JULY 26, 1991—Continued

9:15 am

FA5 Signa! statistical effects from stimulated Brillouin
scattering in a CPFSK repeaterless transmission system
with optical booster amplifier, Toshihiko Sugic, NTT Trans-
mission Systems Laboratories, Japan. For a 25-Gbit/s
CPFSK transmission system with an EDF-booster amplifier,
the bit error rate and the penalty-improvement by signal ran-
domization are clarified in the presence of stimulated Bril-
louin scattering along a 280-km dispersion shifted fiber.

(p. 196)

9:30 am

FA6 Combined effect of self-phase modulation and disper-
sion in SLA post-amplified transmission systems, C. R.
Medeiros, J. J. O'Reilly, U. Wales-Bangor, U.K. We consider
the performance implications of using semiconductor laser
amplifiers as post-transmitter power amplifiers in long-haul
directly modulated optical systems operating in the 1.55-um
ragion. (p. 200)

CABARET LOBBY
9:45 am-10:15 am COFFEE BREAK/EXHIBITS

CABARET ROOM

10:15 am-12:00 m
FB, BROADBAND OPTICAL NETWORK APPLICATIONS
C. Lin, Belicore, USA, Presider

10:15 am  (Invited)

FB1 Optical fiber amplitiers for multichannel video trans-
mission and distribution, W. |. Way, Belicore. This paper
reviews the previous work on fiber amplifier applications to
analog video transmission and distribution, and compares
the different technology aspects of analog and direct-detec-
tion digital video systems. The paper also addresses poten-
tial evolutionary problems of using optical fiber ampilifiers in
a subscriber loop that may need upgrading when the distri-
bution signais change from AM-VSB video to future digital
video services. (p. 206)

10:45 am

FB2 Simultaneous distribution of analog AM-TV and multi-
gigabit HDTV with an optical amplifier, R. Heidemann, B.
Junginger, H. Krimmel, J. Otterbach, D. Schiump, B. Wed-
ding, SEL Alcatel Research Center, F.R.G. We demonstrate
the feasibility of flexible TV/HDTYV distribution using simul-
taneous analog AM and digital PCM transmission over opti-
cal amplifiers without any mutual quality degradation.

{p- 210)

11:00 am

FB3 High power and low noise transmitter for AM-VSB
transmission using an erblum-doped fiber post amplifier,
Masayuki Shigematsu, Masayuki Nishimura, Toshio Okita,
Kazuo lizuka, Sumitomo Electric industries, Ltd., Japan. An
AM-VSB transmitter with 14-dB loss budget for CNR of 51 dB
was developed using a bidirectionally pumped erbium-doped
fiber post amplifier with a long-wavelength-pass filter.

{p. 214)
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11:15 am

FB4 Fortychannel AM-VSB distribution system with a
21dB link budget, G. R. Joyce, R. Olshansky, R. Childs, T.
Wei, GTE Laboratories, Inc. An AM-VSB fiber video distribu-
tion system utilizes an erbium-doped fiber power amplifier
and a low-noise receiver and attains a 21-dB link budget for
forty channels. (p. 218)

11:30 am

FB5 Noise performance of bus-configured optical net-
works with distributed fiber amplification, Evan L. Goldstein,
Bellcore. A simple closed-form analysis shows that bus-con-
figured lightwave networks with distributed gain can support
thousands of nodes, spanning thousands of km. However, in
networks of this size the end-to-end gain and loss must be
well matched. (p. 222)

11:45 am

FB6 Optically preamplified 1-Gbit/s/channel multichannel
grating demultiplexer receiver, J. P. King, Y. Kanabar, J. Bran-
nan, N. Baker, STC Technology. Ltd, U.K. Optical preamplifi-
cation of an HDWDM multichannel receiver improved sensi-
tivity beyond ~ 33 dBm at 1 Gbit/s; IM crosstalk allows up to
eight 1-gbit/s channels. (p. 226)

1200 m-1:00 pm LUNCH (on your own)

CABARET LOBBY
1200 m-1:00 pm EXHIBITS

CABARET ROOM

1:00 pm-2:15 pm

FC, APPLICATIONS OF SEMICONDUCTOR OPTICAL
AMPLIFIERS

K. E. Stubkjaer, Technical University of Denmark, Denmark,
Presider

1:00 pm (Invited)

FC1 Optical amplifiers used as functional components,
Lars Thylen, Mats Gustavsson, Ericsson Telecom, Sweden;
Lars Gillner, Royal Institute of Technology, Sweden. Semi-
conductor laser amplifiers can be used for detection, swit-
ching or gating as well as frequency translation, and broad-
band amplification. Device and applications aspects are re-
viewed. (p. 232)

1:30 pm

FC2 GaAlAsiGaAs vertical cavity surface emitting active
filter, F. Koyama, S. Kubota, K. Iga, Tokyo Institute of Tech-
nology, Japan. An active lilterlamplitier based on a vertical
cavity surface emitting laser has been demonstrated, giving
a fitter bandwidth as narrow as 0.08 nm. {p. 237)

Xi
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1:45 pm

FC3 Dynamics of DFB semiconductor laser amplifiers, Z.
Wang, T. Durhuus, B. Mikkelsen, K. E. Stubkjaer, Technical U.
Denmark. A dynamic model for DFB amplifiers is established
and used to assess amplification of short pulses. Both
strong and weak input pulses are considered for different op-
erating conditions. (p. 241)

2:00 pm

FC4 Low-oss packaged, 2 x 2 semiconductor optical am-
plifier switch, E. Eichen, R. Boudreau, R. Morrison, C. Frost.
B. Foley. J. Schlafer, K. Vo, GTE Laboratories, Inc. A pack-
aged 2 x 2 semiconductor optical amplifier switch that
utilizes a novel imaging configuration for fiber coupling has
been demonstrated: average insertion loss 4 dB, optical iso-
lation >40 dB, rise/fall time 0.5 ns. (p. 245)

2:15 pm-3:15 pm
FD, FIBER AMPLIFIER ENGINEERING
W. L. Emkey, AT&T Bell Laboratories, USA, Presider

215 pm

FD1 Amplified integrated star couplers with zero loss, Her-
man M. Presby, C. Randy Giles, AT&T Bell Laboratories. We
compensate the loss of a 19 x 19 integrated star coupier
with erbium-doped fibers connected to the output channels
and pumped with one source distributed through the star
itself. (p. 250)

2:30 pm

FD2 Compact size and high output power Er-doped fiber
amplifier modules pumped with 1.48.um MQW LDs, H.
Takenaka, H. Okuno, M. Fujita, Y. Odagiri, Y. Sunohara, .
Mito, NEC Corp. We have developed an Erdoped fiber
booster amplifier moduie that can deliver signal output
power as high as +22.3 dBm. {p. 254)

2:45 pm

FD3 High efficiency erbium-doped fiber amplifiers using a
mode field diameter adjusting technique, A. Wada, T. Sakai.
D. Tanaka, T. Nozawa, R. Yamauchi, Fujikura, Ltd., Japan.
Nearly 100% performance has been achieved from the high-
NA EDF using a mode field diameter adjustment technique
at the spliced parts with external fibers. (p. 258)

3:.00 pm

FD4 Effect of pump-induced temperature variation on er-
bium-doped fiber amplifiers, S. Nishi, H. Masuda, J. Naka-
jima, K. Aida, NTT Transmission Systems Laboratories,
Japan. The temperature increase of an erbium-doped fiber by
1.48-um pumping was measured. The mechanism of heat
generation and its influence on ampilification characteristics
are discussed. {p. 262)

CABARET LOBBY
3:15 pm-3:30 pm COFFEE BREAK
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CABARET ROOM

3:30 pm-5:00 pm
FE, NOVEL SYSTEM TECHNIQUES AND APPLICATIONS
E. Eichen, GTE Laboratori=s, USA, Presider

3:30 pm

FE1 OTDR in optical amplifier transmission systems using
EDFAs containing optical circulators, Yoshiaki Sata, Shigen-
do Nishi, Koh-ichi Aoyama, NTT Transrnission Systems Lab-
oratories, Japan. OTDR fault location using a return trans-
mission line is demonstrated in a 1.8-Gbit/s signal transmis-
sion system. The 280.9-km transmission line contains three
Er-doped fiber amplifiers. (p. 268)

3:45 pm

FE2 Measurement of polarization dispersion in the compo-
nents of in-line erbium-doped fiber ampilified links, J. J. Ber-
nard, F. Bruyere, J. Guillon, Alcatel Alsthom Recherche,
France. An experiment investigation of polarization disper-
sion of an in-line erbium-doped fiber amplified link has been
carried out. Results show a non-negligible contribution of the
isolators. (p. 272)

4:00 pm

FE3 Automatic gain control of an erbium-doped fiber am-
plifier by detecting spontaneous emission along the fiber,
Kazuo Aida, Hiroji Masuda, NTT Transmission Systems Lab-
oratories, Japan. EDFA gain control is achieved by detecting
the spontaneous emission radiated along the EDF and
modulating the pump LDs with optoelectronic feedback.
(p. 276)

4:15 pm

FE4 Optimized nonregenerative repeater using cascaded
erbium-doped and Raman fiber amplifier, S. L. Zhang, J. J.
O'Reilly, U. Wales-Bangor, U.K. A cascaded configuration
for fiber amplifier nonregenerative repeater is proposed and
optimized, providing better performance that can be achiev-
ed using either amplifier alone. (p. 280)

4:30 pm

FE5 All-optical remote gain switching scheme for Er-doped
tiber amplifiers, M. Zirngibl, AT&T Bell Laboratories. We dem-
onstrate all-optical feedback scheme that allows remote op-
tical gain switching over the transmission fiber in Er-doped
fiber amplifiers; gain bistability (on-off ratio) 26 dB at 1530
nm switching time 10-50 ms. (p. 284)

4:45 pm

FE6 Optical amplifiers operating in a random access fiber
loop optical memory, G. Grosskopf, L. Kuller, R. Ludwig, W.
Pieper, R. Schnabel, H. G. Weber, Heinrich-Hertz-Institut fur
Nachrichtentechnik Berlin GinbH, F.R.G. In a fiber loop op-
tical memory the use of semiconductor laser amplifiers as
switching elements and of erbium-doped fiber amptifiers as
gain controlling elements are investigated. (p. 288)

5:00 pm-5:15 pm

CLOSING REMARKS

Mike O'Mahony. British Telecom Research Laboratories,
United Kingdom

Xii
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"TOWARDS NETWORK TRANSPARENCY WITH PHOTONIC AMPLIFIERS

Peter Cochrane* and Christopher J Todd™*

PROLOGUE

Over the past 15 years optical fibre transmission systems have largely replaced their copper
forebears on a point to point basis. The approach has been, quite simply, to overlay one-on-one the
copper and radio systems by an optical fibre network with improved repeater spacing, smaller
physical size, increased capacity and lower cost being the key benefits gained so far. With the
advent of the optical amplifier and the possibility of access to the total fibre bandwidth, insensitivity
to 'lossy’ components and the eradication of much of the electronics necessary in transmission, there
now exists an opportunity for radically new forms of network. The key feature that an optical
amplifier has to offer is transparency. The ability to convey a number of wavelengths that can act
as independently-modulated orthogonal carriers for a diverse mix of traffic in both digital and
analogue forms offers a revolutionary step in the evolution of telecommunication networks.

Much of today's thinking with respect to photonic amplification is still concerned with the one-on-one
replacement of opto-electronic 3R repeaters, coupled with the achievement of higher launch powers
and pre-amplifiers for optical receivers. However, the optical amplifier in all its diverse forms
offers a much greater opportunity wher we consider equipment, system and network realisation more
deeply. In this paper, we briefly comment on the state-of-the-art of today's optical amplifier
technology and then go on to postulate future advances and applications for local, short, and long haul
applications.

PROGRESS TO DATE

Semiconductor and fibre based amplifiers are now commercially available covering a wide range of
wavelengths spanning the entire 1.3 and 1.5 um windows. In the case of the semiconductor devices,
it has now been established that the sensitivity to polarisation can largely be overcome by attention
to device geometry, but the reduction in available gain due to coupling losses and their inherent ability
to generate intermodulation products has led many people to discount them as a viable component.
However, their small size makes them an ideal element in future integrated optic applications. Fibre
to fibre gains up to 30dB and power levels up to +5dBm have been reported but 15dB and 0dBm are
more typical and representative of available production devices [1].

In contrast, the development of fibre amplifiers to date has been dominated by Er doped devices that
return a negligible sensitivity to polarisation and very low coupling losses. Their physical length can
span between 1m and 100 km with gains up to 40dB, and launch powers in excess of +20dBm have
been reported. More typically, production items are realising 15-25dB gain with output powers of
<+5dBm. It is interesting to note that both the semiconductor and Er doped amplifiers require a
similar pump power and with suitable dopants and geometries can achieve similar bandwidths.
However, the Er devices appear to realise the highest linearity, the lowest level of noise and
intermodulation accumulation and have their key characteristics defined by their atomic composition.
More recently there has been a surge of activity with fluoride fibre hosts and fibre amplification
centred on 1.3um has been reported [2).

The development of the Raman amplifier has aiso seen some remarkable results with gains up to 40dB
and power outputs up to +25dBm reported. The pump power required is, however, far higher than
that of the semiconductor and Er doped amplifier. In addition, the essential non-linear nature of this
device also renders it prone to the generation of intermodulation products and higher noise levels.

*  British Telecom Laboratories, Martlesham Heath, Ipswich, Suffolk, IP5 7RE
** Department of Electronics & Electrical Engineering, University College London, WCE 7JE
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Experimental results with both linkar (WDM) and non-linear (Soliton) propagation have shown that
amplified systems are, in principle, capable of providing a global point to point capability  The level
of confidence may be gauged by the determined efforts of both European and North American
companies who wish 10 span both the North Atlantic and Pacific oceans with amplified systems from
about 1996 onwards. On the terrestrial scene, the prime interest has been expressed by the cable TV
industry who see major benefits with optical amplifiers on their trunk distribution systems. There
are, however, a growing number of demonstrations and papers being published on long and short haul
network uses.

NEW FORMS

The fibre amplifier can be extended in space to become the entire transmission medium. With a bus
network of weakly amplifying fibre, and using say D-fibre taps (Fig 1), the optica! equivalent of the
classic '50 Ohm tapped bus' has now been demonstrated (Fig 2). Although noise accumulation will
eventually dominate, it is anticipated that such buses can be grown organically with need to >1000
taps. Put this together with the recent demonstrations of fibre power amplifiers to offset splitter
losses in a PON or branching network to allow tens of thousand or even million fold fan outs (Fig 3),
and a new field of Vintually LOssless Networks (VLONs) has been generated [3]. The implications of
the VLON concept on the design of small or large network architectures has yet to be fully explored.
Consider the possibilities of configurations of extended and lumped amplification, transparent in both
the 1.3 and 1.5um windows, with a distance elasticity that bridges between cities and wavelength
selective taps or fan out to reach all the local exchanges in a metropolis. Such configurations are
multidimensional in that space, time and wavelength/frequency may be accessed and traded to
extents depending on the availability/cost and relative functionality of the evolving portfolio of
optical components. When the VLON concept is configured as a switching node the multidimensionality
allows bandwidth to be traded for simplicity, as has recently been demonstrated in the powerful
MONET switch/interconnect concept [4].

POINT TO POINT TRANSMISSION

There are a number of interesting break points in point to point transmission related to undersea and
terrestrial networks. In the undersea case about 40% of all systems can be served with repeater
spans <350 km. In the specific case of the UK, terrestrial spans seldom exceed 200 km between
major conurbations. These distances are also pertinent to much of Continental Europe and parts of
North America. Although such distances can in principle be bridged without repeaters at the lower bit
rates, the demand for increased transmission rates (>600 Mbit/s)and provision of practical operating
margins reduces the fundamental reach. In satisfying these demands, the undersea network will
probably see the first extensive application of optical amplification. In this respect Raman
amplification produced by pumping standard fibre from the ends of a link provides a simple means of
increasing the capacity of installed repeaterless systems. In a recent demonstration of direct
capacity increase a 20x rate upgrade has been demonstrated on a short (132 km) route from the UK
to the Channel Islands, by the addition of doped amplifiers to the land terminals {5).

Plans are now building in a number of laboratories world wide to introduce cascaded fibre amplifiers
in place of conventional repeaters on future trans-oceanic routes to coincide with capacity needs up
to and beyond 2.5 Gbit's. This has provoked the concern that for distances > 5000km non-finear
effects cannot be neglected. Groups at BTRL and AT&T Bell Labs have predicted the essential non-
linearity of amplifier systems in this distance x bit rate regime. The issue is whether such systems
planned as conventional linear transmission lines will suffer catastrophic losses of data if small , but
uncontrolled, non-linearities are created during propagation. Perhaps the safest approach is to
launch solitons and thereby control the non-linearity by using it to advantage. Certainly practical
soliton sources are now being demonstrated in the laboratory based on mode locked semiconductor and
Er doped fibre lasers generating 3ps pulses [6). There is however a significant additional cost for
such a system as the distance between fibre amplifiers would probably have to be at least haived to
maintain the power level for soliton propagation, thereby putting up both the cost and complexity of
the undersea system.




4 / WA13

THE ULTIMATE BIT RATE

Today, we use <0.001% of the inherent transmission capacity of any optical fibre in service. It has
been demonstrated that pulse transmission up to 30 Gbit/s is both feasible and possible whilst WDM
up to 100 Gbit/s has also been demonstrated. So a ~0.2% capacity has been practically demonstrated
whilst theoretical studies suggest a further order of magnitude to be feasible. If there is such a
future capacity demand, it unlikely to be accessible without the use of doped fibre amplifiers.

NEW NETWORKS AND APPLICATIONS

The use of amplifiers for CATV + telecommunications in the traditional sense is axiomatic. What is
interesting is the prospects for removing the need for electronic muitiplex and switching. It has been
shown that a central office can be eradicated (theoretically) for ~200,000 lines, but then the need
for switching systems in the traditional sense arises [7]. We might thus anticipate a future network
with multi-layer ether operation and intermediate steering and switching between levels.

With a growing mobile periphery to all networks a new opportunity arises with the optical amplifier.
It is now possible to transport sections/sectors of the radio spectrum from one physical location to
another without the need for demodulation to baseband. So groups of common interest users could be
conveniently linked across large distances in a more direct manner and the utility of the radio
spectrum enhanced. A further possibility is that of "optical radio™ with leaky feeder or fish eye
radiators and distributed fibre amplification. A new, and similar, subset of applications is now also
evident when we consider both terrestrial and satellite radio systems where the complex station
equipment could be more centrally located and the Tx|Rx sites considerably simplified. The coupling
of these various options into a universal ether with the ability to simultaneously support analogue and
digital modulation will also assist the process of services and technology migration with PDH, SDH
and WDH coexisting for a number of years. [t will also be an important feature for future self-
organising networks and perhaps the realisation of Neural Networks.

FINAL COMMENTS

Overall, the optical amplifier is poised to contribute to a continuing trend of increased capacity,
longer reach, less equipment, greater utility, lower cost and higher reliability that has been the story
of transmission since it began in the late 19th century. As we move into the 21st century, we can
expect to see optical amplification as the next facilitator of new opportunities in telecommunications.
Optical amplifiers will release the network designers from the historic rigidity of the link power
budget, and allow him to mix and match bus and fan out topography to suite his application. In time
the extended fibre amplifier will help overcome node inertia, by removing throughput limits and
allowing modular growth of switch blocks. The massive achievements in optical communications
during the last decade are likely to be be eclipsed in the future by the opportunities that will flow
from networking with optical amplifiers.
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Progress in Erbium Doped Fiber Amplifiers

J.R. Simpson and D.J. DiGiovanni
AT&T Bell Laboratories, Murray Hill, New Jersey, 07974

Erbium fiber amplifiers are entering a fourth year of development with six
commercial offerings now available, the result of rapid improvements in pump lasers,
wavelength division multplexers, isolators and doped fiber designs. A number of
challenges remain however to improve the performance and ensure reliability in field
applications.

Improvements in the rare earth doped fiber, itself, remain a challenge. Rare earth
doped fiber fabrication has been dominated by variations on traditional low loss
telecommunications fiber using GeO,, Al, 03, and P, O5 co- dopants yielding fiber
which is fusion splice compatible with telecommunications fiber [1]. It has long been
realized that alternate host compositions may improve the efficiency and gain-
bandwidth products at the expense of compatibility with telecommunications fiber.
Host materials of compound glasses, phosphates, fluorophosphates and others have
recently been reported [2,3,4,5]. The incorporation of Ca in a GeO,-Al,03-Si0, or
Al, 03-Si0; host has, for example, also been shown to improve the efficiency of 813
im pumping [3].

New fabrication methods have also been described which incorporate these
alternate host dopants by such techniques as coating the inside of an MCVD tube
with a polymer like sol-gel material or methods which deliver dopants for flame or
MCVD reactions in the form of aerosols or vaporized chelates [6,7,8]. An older
method of double crucible fiber drawing has also been revisited to explore the
compound glass materials as hosts [2]. The use of fluoride host compositions also
remaines especially promising as recently demonstrated by a 1.3 um amplifier using a
ZBLAN fluoride host and Pr dopant [9]. Pump wavelengths other than those provided
by the Er transitions may be made possible by co-doping with other rare earths. A
Yb/Er phosphate fiber amplifier has recently demonstrated this with an 85% energy
transfer using a 1064 nm YAG laser pump [4].

In addition to experimental means to understand the performance of these
amplifiers there have also been a number of theoretical and modeling methods. One
approach offers the ability to extend only a few amplifier measurements into many
operating conditions of pump power, wavelength and signal power [10,11,12]. Some
models have also been used to predict the performance of fiber designs and host glass
compositions [13,14]

As fiber amplifiers approach commercial applications issues which address
performance over a broad temperature range and reliability become more important.
Temperature effects the gain and noise figure as a result of a change in the population
inversion which is intern dependent on pump power, wavelength and host
composition to name a few [15,16,17]. Typically the gain will change on the order of
-0.1 dB per degree centigrade or less and the noise figure will change by -0.02 dB per
degree centigrade [17). The issue of fiber strength must be considered when
packaging requires small coils of the doped fiber. One such reliable high gain
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amplifier coil consisting of a 200 meter length of hermetic coated fiber wound to a
dimension of 32 mm outside diameter by 20 mm high has been demonstrated [18].

Application of erbium fiber amplifiers have made use of both the ability of these
devices to amplify many independent wavelength channels (up to 100 [19]) and the
ability to amplify, with little distortion, short duration pulses (as short as 53
femtoseconds [20]). Schemes have been proposed to flatten the gain response with
wavelength including a two stage amplifier where each stage has a different
wavelength dependent gain function [21], insertion of a notch filter within the
amplifier [22], using optical feedback [23], and choosing operating conditions to
saturate the effect [24].

The amplification of short pulses tens of femtoseconds in duration begins to reach
the near 30 nm bandwidth limits of these amplifiers [20]. Pulse trains of 350 Ghz
have however been amplified with little distortion [25] indicating that, for the near
future, the bandwidth required from modulation will not represent a limitation.

High bit rate long distance spans employing fiber amplifiers reach a limit from the
fiber dispersion, a constraint which may be relaxed by the use of soliton pulse
propagation. There is however an additional constraint then of the signal power
excursion along the span and the separation of repeaters [26]. This constraint can be
handled by the use of many low gain amplifiers closely spaced or by the use of a
distributed amplifier. Progress in realizing a practical distributed amplifier, tens of
kilometers in length has been reported with the required pump power for transparency
now approaching 1 mW per kilometer for low signal levels [27,28]. Although this
type of erbium amplifier is more difficult to fabricate it will likely provide the
greatest opportunity for ultra high bit rate communications systems.
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The erbium doped silica fiber amplifier for the 1.55um telecommunications has now become a well
established research laboratory tool. It offers high gain, high efficiency, low noise, low cross-talk,
and high saturation power. It has been used in both land and under-sea systems demonstrations,
and is commercially available from a number of manufacturers. In distribution experiments splits
of up to 39 million ways have been demonstrated for only two stages of amplification [1]. In short
it has revolutionised thinking on future optical fibre networks. Unfortunately the vast majority of
current operational systems are deployed in the 1.3um window, and some fiber designs may
prohibit upgrading to 1.55um. A similar amplifier for 1.3um has been much more elusive.
Examination of the observed energy levels of the trivalent rare-earth ions reveals three principal
candidates; neodymium with a known laser transition around 1.32um, praseodymium with known
laser transitions but not until very recently at 1.3um, and promethium with kriown laser transitions
at 0.933um and 1.098um, but not around 1.3um. Promethium is radioactive and has not been
studied in fibers, leaving two practical possibilities for fiber amplifiers for 1.3um.
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Figure 1: Energy level diagram for ncodymium in glass
showing only relevant levels and transitions.
Neodymium amplifiers
The most obvious candidate for amplification in a fiber for 1.3um is the 4F3/) — 4113/) transition

(figure 1) in neodymium doped silica, with the fluorescence band centred around 1.32um.
However it is known that in glass hosts this transition suffers from excited state absorption (ESA)

from 4F3/2 - 407/2 which occurs in the same wavelength range. Hak' mi et al [2] report that
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even with the core glass of a silica fiber heavily doped with phosphorous, ESA dominates, limiting
gain to beyond 1.36um, which is out of the communications window. However in a ZBLAN fibre
the wavelength of ESA is shifted to shorter wavelengths, and is reduced in strength, allowing gain
from 1.32pm to 1.38um [3-6] with the peak gain occurring near 1.345um. The limiting factor then

becomes competition from the 4F3/2 - 419/2 0.9um transition and the 4F3/2 -4y 2 1.05um
transition. This limits gain to a maximum ot about 7dB at 1.345um in a single stage device, due
mainly to the buildup of amplified spontaneous emission at 1.05um causing population clamping
in 4F3/2. The noise figure of this device has only been measured in the low-gain case, but
theoretical modelling suggests that the ESA will give a noise figure between 3dB and 6dB for high
gain, dependent on wavelength. Sugawa et al [7] have reported that 10dB can be achieved by
cascading amplifiers w.th 1.05pm filtering to bypass this problem. Recent mathematical modelling
[8] suggests that significant increase in this performance may achieved by use of a single pump
source and multiple ASE filters. However this amplifier is still sufficiently far from the desired
systems wavelength to be of only limited use.

'D

2
1.03um G‘/’E
:E
1.3um SH, A

*H

s S

H

Figure 2. Partial energy level diagram for
praseodymium in glass showing
relevant transitions

Praseodymium Amplifiers

Examination of the energy level diagram for praseodymium reveals a 1.3um transition 1G4 —

3H5 which can be directly pumped around 1.03um. However the energy gap 104 - 3F4 is only

about 2700cm-! ( 3.7um) so in a silica fiber the multiphonon de “ay from 1G4 will prohibit
radiative emission, and in a ZBLAN fiber will severely limit the fluorescence lifetime of that level.
Fluorescence measurements on bulk glass samples [9] indicate that there is sufficient 1.3um
emission in praseodymium doped ZBLAN to merit further investigation. We have constructed an
amplifier using 17m of singlemode ZBLAN fibre doped with 560ppmw Pr3+ [10]. The
background loss of this fibre was approximately 2dB. Although the peak absorption is near
1.015pm, pumping at 1.007um by a Ti:Sapphire laser yielded maximum gain, due mainly to the
higher power available at that wavelength because of the reflectivity of beam steering mirrors.
Figure 3 shows the net small signal gain spectrum of the amplifier, with 0.55W pump power,

taking into account the background loss and the short wavelength edge of the ground state 3Hg —

3F4 absorption, which accounts for the negative region beyond 1.34um. It can be seen that the
peak gain is around 10.5dB at 1.3um, which corresponds to ~13dB internal gain.
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The 3dB bandwidth is 35nm. Figure 4 shows the small signal gain evolution at 1.3pum with pump
power. Again the background loss of the fibre accounts for the negative figures at low pump
powers (<0.1W). Under these conditions the efficiency of the amplifier is 0.019dB/mW.
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Figure 3. Net fiber gain spectrum with Figure 4. Gain evolution at 1.3um pumped
0.55W pump power at 1.007um at 1.007um,

The maximum gain achieved was 10.5dB with the available pump power, but figure 4 shows that
there is no sign of small signal gain saturation even at these pump powers. Greater pump power
would therefore result in greater gain. The efficiency of the amplifier is low due to the high non-

radiative decay from 1G4 - 3F4 , but some improvement could be expected from reduction in the

fibre loss and optimisation of fibre parameters. The system suffers some slight ESA as the orange
glow of the fibre shows.

Other groups [11,12], also report recent work on this transition, with largely similar results. [12]
reports higher efficiency due to pumping at the absorption peak, but limited pump power results in
net gain of 5.2dB. [11] uses a Nd: YAG laser at 1.064um and reports internal gain of up to 15dB.

Conclusions:

At present it is not possible to realise an amplifier based on silica fibres for 1.3um. ZBLAN or
similar heavy metal fluoride glass fibres offer a choice of transitions , due to shifted energy bands
and much lower phonon energies. Neodymium has shown that amplifiers of at least 10dB are
possible at 1.345um, with prospects of 15dB for the future. Praseodymium is at a much earlier
stage of development but has already demonstrated internal gains of 15dB, and net gains of >10dB
at 1.3um. Noise has not yet been measured in these devices, though as a 4-level system with small
ESA it should be low. Although the efficiency is low at present, prospects are good that this will
be improved to make diode pumping a practical proposition. (The development of high-power
long-lived strained-layer MQW AlGaAs/InGaAs 980nm lasers as pump sources for erbium doped
silica fibre amplifiers will be of direct benefit here since only a small change in process conditions
will allow operation in the 1.0151m band.) Since no gain saturation has been observed, and there
are no stronger competing iransitions, significant improvement in gain should also be possible. For
the immediate future then, praseodymium doped fluoride glasses offer the best prospect for fibre
amplifiers at 1.3um.
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- Na3*-doped Fluoride Fiber Amplifier Module
With 10 dB Gain and High Pump Efficiency

Yoshiaki MIYAJIMA, Tomoki SUGAWA, and Tetsurou KOMUKAI
s NTT Transmission Systems Laboratories
v//r Tokai, Ibaraki-ken, 319-11, Japan

Introduction: Recently, Nd3+-doped fluoride fiber has attracted much
interest, because it has the potential for optical amplification around
the 1.3 uym communication band[1]. In terms of the effect of
ESA(excited state absorption) and the probability of radiative
transition, fluoride fiber is preferable to silica fiber as a host
glass[2]. However, some problems must be solved for the development
of a practical amplifier. First, gain has not been sufficiently large
for a practical pump power to be obtained from diode lasers.
Second, gain has been obtained in wavelengths longer than 1.31 um.

In this report, we focus on the first problem. This work reports
that a gain of 10 dB was obtained by using bidirectional 25 mW pumpings
and by applying a 1.05 pm rejection filter in doped fiber.
iiiplifier configuration: The amplifier configuration is shown in Fig.1i.
The pump source was a commercially available AlGaAs diode laser operated
at 0.82 um. A maximum pump power of 50 mW was launched into the
fiber simultaneously in both the forward and backward directions.
Pump and signal light were coupled by a dichroic mirror.

A 4 m long Nd3*-doped fluoride fiber with a concentration of 2000
ppm in the core were used. The fiber glass matrix was ZBLAN(ZrF,-
BaF,-LaF3-AlF3-NaF). Its core and outer diameters were 4 pm and 125
pm, respectively. The cut-off wavelength of the fiber was 1.22 pum.
The transmission loss was 0.1 dB/m at 1.30 pm. Fiber ends were
polished to make 8 degree endfaces to suppress the cavity effect.

To improve the pump saturation, the competitive transition of 1.05

92-17320
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pm (from 4F3/2 to 4111/2 shown in Fig.2) should be suppressed. A
dielectric multilayer coated filter is positioned in the middle of Nd-
doped fiber. This filter has 98% reflectivity for 1.05 pm light and
allows 1.3 pm and 0.8 pm light to pass through. Therefore, it can
suppress the 1.05 pm transition activated by the increased ASE(amplified
spontaneous emission). The signal coupling losses in the two dichroic
mirror systems are 1.5 dB and 1.1 dB, and the fiber loss including
filter insertion loss is 1.2 dB. Therefore, the total insertion loss
in this amplifier module is 3.8 dB.

Pump efficiency and gain 1imit: To improve pump efficiency, fiber with
a high NA and a small core was examined. The calculated pumping
efficiency dependence on the core diameter of the doped fiber is shown
in Fig.3 for several ESA ratios, €, which is the ratio of the ESA
transition to the 1.3 pm band transition. We assumed a transition
cross-section of 0.8x1 0"20cm2, a metastable-state lifetime of 450 us and
a fiber cut-off wavelength of 1.30 pm. It is understood that the
pumping efficiency for 6.5 pm core fiber is 0.16 dB/mW and that it
increases for a small core fiber.

Two kinds of fiber were prepared. Fiber A has a core diameter
of 6.5 pm and a relative refractive index difference of 0.5 % and a cut-
off wavelength of 1.30 um. Fiber B has a core diameter of 4.0 pm and
a relative refractive index difference of 1.18 % and a cut-off
wavelength of 1.22 pm. Measured gain vs. pump power without a 1.05 pm
rejection filter are shown in Fig.4. Pump efficiencies of 0.13 and
0.28 dB/mW are obtained(plotted in Fig.3), respectively.

Gain saturation is observed at pumping powers of 40 and 20 mW,
respectively. This saturation is caused by the activation of the 1.05
pm transition from 4F3/2 to 4111/2. As the strong 1.05 pm emission
will stimulate the further 1.05 um emission from 4F3/2, the 1.3 um
transition from the same upper level will not increase. Pump saturation

may be improved by rejecting out the 1.05 pm fluorescence.
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The amplifier module presented in this report has a 1.05 um
rejection filter in the middle of the doped fiber. This filter
prevents the transmission of 1.05 pm fluorescence. Therefore two
sections of fiber can operate without pump saturation. The results
of gain measurement with different signal output levels are shown in
Fig.5. The maximum gain of 10 dB is observed at a signal wavelength
of 1.343 pm with forward and backward pump powers of 25 mw. Also, the
saturation output signal power of 3 dB compression gain is estimated to
be over +10 dBm. Pump efficiency is 0.20 dB/mW in this system.

This 10 dB gain in large signal region is almost twice the
maximum gain in Fig.4. From this result, we can confirm the
usefulness of the cascade structure amplifier with a 1.05 pm rejection
filter. If we insert more filters in doped fiber, high gain over 20
dB is attainable for 100 mW pumping power.

Conclusion: A 10 dB gain has been achieved in a Nd3"’-doped fluoride
fiber by using simultaneous forward and backward pumping with a 25 mW
AlGaAs diode laser. In order to attain high gain, it is important
not only to use small core fiber but also to apply a 1.05 pm rejection
filter between the fibers.
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1.48pm and 0.98am High-Power Laser Diodes for Erbium-Doped Fiber
Amplifiers
Ikuo MITO and Kenji ENDO
Opto-clectronics Research laboratories, NEC Corporation
/ 4-1-1, Miyazaki, Miyamae-ku, Kawasaki-shi, 216 Japan

LINTRODUCTION

The development of erbium-doped fiber amplifiers has recently progressed rapidly. Highly
efficient power conversion for 1.48sm wavelength pumping enables a post-amplifier to
achieve output power greater than 100mW". When pumped in 0.98um wavelength, the
erbium-doped fiber amplifiers showed very low noise property?, which permits high receiver
sensitivity as a pre-amplifier.

High power laser diodes (LDs), operating at 1.48um and 0.98um wavelength, are essential
as pumping light sources. Recently, multi-quantum well (MQW) structures have been
employed as active layers for 1.48um wavelength LDs”. We have obtained the highest cw
output power reported so far, 250mW*. Lasing at 0.98ym wavelength was achieved with
InGaAs strained quantum well structures grown on GaAs substrates”. Low internal absorption
loss helped these devices to emit 240mW cw power®.

This paper reports recent progress in the development of 1.48um and 0.98pm wavelength
high power LDs for erbium-doped fiber amplifiers.

2. 1.48um WAVELENGTH InGaAs MULTI-QUANTUM WELL LDs

The development on high power InGaAsP LDs has been conducted on an approach to
lengthen the LD cavity from a view point of heat dissipation. 700-800um long cavity devices
was fabricated to be effective for maximum cw power improvement. 190mW cw power at
1.48nm wavelength was reported and constant power aging tests of 100mW at 25C, 65mW
at SOC were conducted”. We demonstrated a new approach to reduce the internal absorption
loss of LD cavity by employing InGaAs MQW structure”, Less than 10cm™ internal
absorption loss was achieved. Low threshold current and high quantum efficiency for about
Imm long MQW-LDs greatly enhanced high power cw operation.

A schematic device structure of 1.48um wavelength InGaAs MQW DC-PBH LD is shown
in Fig.1. 5 QW layers, stacked with InGaAsP barrier layers on an n-InP substrate, were grown
by MO-VPE. DC-PBH LD structure was adopted for the purpose of both current confining
and stabilizing the lateral mode. Front and rear facet reflectivities were controlled to 10% and
90% by dielectric film coating.

Device parameter optimization was carried out experimentally on the quantum well
number. As shown in Fig.2, an optimal well number of 5 existed among 3-7 quantum well
devices tested. The result was attributed to a trade-off relation between the internal absorption
loss and the threshold current density.

Light output and injection current (L-I) curves for 800pm and 1800pm devices are
depicted in Fig.3(a),(b). Due to the low internal absorption loss of 8cm™, both low threshold
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current and high quantum efficiency were obtained for such a long cavity devices. 250mW
maximum cw light output was obtained for very long 1800pm cavity device. More than
150mW cw light output was maintained up to 70C.

The reliability has been under examination. Figure 4 shows the driving current traces for
100mW constant power aging tests at 20C, S0C, 70C. All the devices aged were operated
stably under such a high stress conditions. Drive current increasing rate of 2x10°%hr was
obtained for 20C-100mW aging. This result indicates a possibility that these devices have
a few 100 thousand hour median life-time to failure at 20C.

3. 0.98um WAVELENGTH InGaAs STRAINED QUANTUM WELL LDs

0.98pm wavelength pumping is important due to high absorption efficiency and low noise
property of erbium doped fiber amplifier. Although 0.98um wavelength is separate from the
lasing wavelength regions of both AlGaAs/GaAs LDs and InGaAsP/InP LDs, InGaAs strained
quantum well on GaAs substrate has been developed as an active layer covering 0.9-1.0pm
wavelength region. 0.98pm lasing, aimed at pumping light sources, was achieved by Uehara
et al. with ridge-waveguide structure®. They showed promising long term aging test at 50C-
10, 20, 30mW constant power conditions. Recently, preliminary life test of 100mW output
power was presented by Welch®,

We have developed 0.98um wavelength LDs, characterized by both a strained double-
quantum well (DQW) and a flat device surface. Figure 5 shows the schematic device
structure. On an n-GaAs substrate, a separate-confinement heterostructure (SCH) including
two InGaAs strained quantum wells was grown by MO-VPE. The cladding layers were n-,
and p-Al,,GaycAs. A flat wafer surface was achieved by embedding a mesa stripe with n-
GaAs burying layers. Figure 6 is an L-I curve and its temperature dependence was shown in
Fig.7. 140mW cw power was obtained. The DQW active structure resulted in large T, value
of 145K. It was superior to 75-120K, typically reported for the LDs with an active layer of
InGaAs strained single quantum well. A reliability test was conducted at 50C-30mW constant
power condition. After 8000hr aging, these devices operated stably. We have studied the
reliability feature on InGaAs strained QW LDs. It was different from the conventional
AlGaAs LDs. Sudden death was much reduced in InGaAs strained QW LDs and a very small
growth velocity of dark-line defects was observed®.

We demonstrated a low noise performance of erbium doped fiber amplifier pumped by a
0.98um InGaAs strained QW LD. An optical receiver was composed of an erbium doped
fiber pre-amplifier and InGaAs pin-PD. Excellent receiver sensitivity of -37.2dBm at 10 bit
error rate was observed for 10Gb/s direct detection as shown Fig.8. The receiver sensitivity
was improved by 15dB from the detection without the pre-amplifier'?.

4.CONCLUSION

The development of pumping light sources for erbium doped fiber amplifiers has been
focused on both 1.48pm wavelength MQW LDs and 0.98um strained QW LDs. Their low
internal absorption loss resulted in low threshold and high power cw operation.
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I. INTRODUCTION

Erbium-doped optical fiber amplifiers (EDFA) pumped by 0.98-jum laser diodes exhibit
a small noise figure (1) and small temperature-induced variation in amplification compared with
pumping by 1.47-um laser diodes (2). Recently, considerable research interest has focused on
0.98-um laser diodes (3)-(8).

For practical application of EDFAs, however, optical power coupled to a single-mode
fiber (SMF) is the key issue, a subject that few studies have addressed. In order to obtain high
optical power in a SMF, we have improved the mode field emitted from lasers. Employing
narrow-ridge waveguide lasers, we have sought to realize transverse lateral mode stabilization.
We have also investigated epitaxial layer structures to enlarge optical spots for stabilizing the
mode field and also for decreasing the vertical beam divergence. Aging test results are also
described.

I1. EXPERIMENT
Epitaxial layers were grown by low pressure metalorganic vapor phase epitaxy at 750°C
on n-type GaAs substrates. We prepared four different epitaxial structures:

Table 1 Epitaxial layer structures (x: Al composition, t: layer thickness)

~ ORIN sCH SCH guided SCH
I 1|
X  t(um) X  t{um) X t(um) X t (um)
p-AlxGaj.xAs 0.5 1.0 0.4 1.0 0.4 1.0 0.4 1.0
p-Al,Gaj.xAs e el 0.3 0.3
non-AlxGaj.xAs 050 0171040 006}  —-}  emee-
non-GaAs | @ ] e - 0.06 0.06
Ing 21Gap 79As 0.011 0.011 0.011 0.011
non-GaAs = | @ e} eeeee 0.06 0.06
non-AlyGaj.xAs 0-05 0171004 006} = -] o
n-AlkGajxAs | 00 | e | e 0.3 0.3
n-AlyGaj.xAs 0.5 1.0 0.4 1.0 0.4 1.0 0.4 1.0
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[ 1} two different graded index separate confinement heterostructures (GRIN SCH-I and -1I),
{2] a separate confinement heterostructure (SCH), and [3] a separate confinement
heterostructure with guide (guided SCH). Common epitaxial layers shared by these four
structures are a Ing 21Gag.79As strained active layer (11 nm) and a p-GaAs cap layer (0.3 um).
The details of the four structures are summarized in Table 1.

Ridge waveguide structures were formed using electron cyclowaon resonance reactive
ion etching. The stripe width was 2 wm and the cavity length was 600 pum. Suitable ridge depth
(the thickness of the residual cladding and confining layer) was determined on the basis of the
transverse-mode calculation. A low-reflection coating of Al»O3 (~3%) and a high-reflection
coating of Al»O3/TiO; (~70%) was applied on front and rear facets of the lasers, respectively.
For the metalization, Ti/Pt/Au was used for the p-contact and AuGeNi was used for the n-
contact.

For coupling to a SMF ( Ac=0.85 pum, A=0.3%), an aspheric glass lens for laser
module (9) was used.

III. RESULTS AND DISCUSSION

The epitaxial layer structures were designed to enlarge the vertical spreads of the optical
field intensity; this is to decrease the optical density for lateral mode stabilization and also to
decrease vertical bean divergence 0;. Calculated vertical optical field intensity spreads in the
waveguide at the full width at half maximum (FWHM) are listed in Table 2 together with other
experimental results. Both 0y, and 0, are obtained from far field patterns. Coupling efficiency
is calculated from the optical power of the laser itself and that in a SMF at an applied current of
150 mA. Maximum power in a SMF obtained near maximum applicable current for each laser
is also listed. For the GRIN SCH-I, SCH, and guided SCH structures, smaller © and larger
coupling efficiency were obtained at the expense of threshold current, compared with the
GRIN SCH-I case. Threshold currents for GRIN SCH-I, GRIN SCH-II, SCH, and the
guided SCH were 8, 35, 30, 14 mA, respectively.

Table 2 Experimental results

GRIN SCH-I GRIN SCH-II SCH guided SCH
8 at FWHM (deg) 12 1 12 14
@, at FWHM (deg) 54 42 47 49
calculated spread at FWHM  (um) 0.24 0.40 0.28 0.31
coupling efficiency at 150 mA (%) 22 37 36 36
maximum power in SMF (mW) 29 43 45 52

Figure 1 shows the optical power in a SMF as functions of applied current under
continuous-wave (CW) operation. Except for the GRIN SCH-I structure, the characteristics
are smooth and their linearity up to about 25 mW is quite good, showing high stability of the
beam emitted from the narrow-ridge lasers.

The GRIN SCH-I structure lasers yielded the smallest coupling efficiency of 22% at
150 mA, probably due to the relatively large 0 . In this case a gradual decrease in gradient is
obvious and hence only relatively smail power could be launched into a SMF even at high
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applied current. This can probably be attributed to the instability of the transverse lateral mode,
such as spatial hole-burning, that occurs at smaller applied current than the other three cases
due to smaller spread of the optical field intensity. In case of the wider (3.6 um) ridge laser
with GRIN SCH-I structure, the coupling efficiency at 150 mA was even smaller at 19%. A
narrow ridge structure is effective for reducing the astigmatism that must exist in the present
cases; this may have also served to enhance the coupling efficiency.

Maximum power was obtained in the guided SCH structure, reaching 58 mW with less
smoothness at high operating current.

Randomly selected lasers adopting the GRIN SCH-I structure have operated in an
aging test at 70 mW in 50 °C ambient for more than 2500 hours. Activation energy calculated
from a 3000-hour test at 10 mW in 30, 50 and 70 °C ambient is 0.3 eV. Lasers with larger
optical field intensity spread such as shown in Table 2 are expected to perform even more
reliably under aging tests.

IV. CONCLUSION

We realized high optical power in a SMF launched by narrow-ridge waveguide
structure lasers on the basis of an investigation of epitaxial layer structures. High optical power
of well over 50 mW in a SMF was obtained for a 2-um-width ridge waveguide laser with
guided SCH epitaxial structure. Further investigation of epitaxial layer structures is needed to
increase the vertical spreads of optical field at the expense of small increases in threshold
currents to enhance coupling efficiency.
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ntoduction

High-power semiconductor lasers emitting at 1.48 xm wavelength have been
increasingly important as pumping light sources for Er3+-doped fiber amplifiers
[1, 2]. In this paper we report high power operation of 1.48 m GalnAsP/GalnAsP
multiple quantum well (MQW) lasers which utilize strained-layer MQW structures
as active layers.

Laser structure

Three types of GalnAsP/GalnAsP SCH (separate confinement hetero-
structure) MQW structures were formed by low pressure OMVPE (organometallic
vapor phase epitaxy). The SCH-MQW structure is shown in Fig. 1. Well number is
five. Quaternary well composition and well thickness for three types of MQW
structures are summarized in Table 1. Amount of compressive strain are 0 %
(unstrained), 0.5 %, and 1 %, respectively. Thickness of barrier and guide
layers,whose bandgap wavelength are both 1.2,m, are 150A and 5004, respectively.
PBH (planar buried heterostructure) lasers were fabricated for these three types of
MQW structures as shown in Fig. 2. All the crystal growth including the burying
growth were performed by OMVPE.

Characteristics

Threshold currents are less than 10 mA for 300 «m-long lasers and about 13
mA even for 300 um-long lasers. There is little difference of threshold current for
three types of lasers. Inverse of external differential quantum efficiency as a
function of cavity length for three types of lasers are shown in Fig. 3. Values of
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internal loss and external differential quantum efficiency are shown in the table of
Fig. 3. Internal loss is as low as around 8 cm-1 due to the utilization of quantum well
structures. External differential quantum efficiency of strained-layer MQW lasers
is higher than that of unstrained-layer MQW lasers.

I-L (current-light output) curves for three types of 900 um-long lasers with HR
(highly reflective) and AR (anti-reflective) coatings are shown in Fig. 4. Maximum
light output of unstrained-layer, 0.5 % strained-layer, and 1 % strained-layer lasers
are 192 mW, 207 mW, and 236 mW, respectively. Higher light output power could be
obtained by introducing compressive strains into MQWs. The value of 236 mW is the
highest value for 1.48 »m lasers with cavity length of 900um. Temperature
dependence of I-L curves of a MQW laser with 1 % compressive strain is shown in
Fig. 5. 100 mW of output power can be obtained with input current of 300 mA at
20°C, and even at 70°C output power of 100 mW can be obtained at fairly low input
current of 480 mW. Parallel and perpendicular beam divergence, 6 | and 6, of these
MQW lasers are 25° and 30°, respectively. The almost circular far field patterns
promise high coupling coefficiency of lightwave into optical fibers.

Summary

1.48m GaInAsP/GaInAsP MQW lasers were fabricated by OMVPE growth
technique. Maximum light output power of 236 mW was obtained for a 900 ;m-long
laser with 1 % compressive strain in quantum wells.

References

[1] K. Yamada, S. Oshiba, T. Kunii, Y. Ogawa, T. Kamijoh, T. Nonaka and Y.
Kawali, in : Proc. of 1990 Topical Meeting on Optical Amplifiers and Their
Applications, WAS, 214-217 (1990).

[2] H.Asano, S. Takano, M. Kawaradani, M. Kitamura and 1. Mito, in : Technical
Digest of Optical Fiber Communication Conference 1991, WG1, 88 (1991).




32 / WC3-3

Lo
500A i 150A  500A

Ec —— S

p-inP n-inP

Ey —

Well Barrier Guide
(A= 1.2/.4m) {(Ag= 1.2um)

Fig. 1 GalnAsP/GalnAsP SCH-MQW structure

Table 1. Well composition and thickness of three
types of strained-layer MQW structures

Well Compressive Well
composition strain thickness : Ly
Gag 42In0.58A0.9P0.1 .
(3= 1.55,m) Unstrained 68 A
Gag.3alno e6AsooPo1| 0.5% 47 A
Gag_27'n0.73As0.9P0.1 1% 36 A
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=$ n-electrode

Fig.2 Schematic cross-section of PBH strained-layer
MQW laser
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Pump lasers for Er3+-dopcd silica fiber optical amplifiers must demonstrate excellent
spatial mode stability to high output power levels in order to achieve useful gain.1»2 The
pump band at 980 nm is the most efficient of the principle Ert absorption bands in terms
of gain per input optical power.3 Pumping at 980 nm is also preferred in comparison to
pumping at 1480 nm because it reduces the noise introduced into the amplified optical
signal.4 '

In this paper we describe the design, fabrication, and characteristics of a high power,

MBE-grown 980 nm laser with a simple, weakly-index-guided structure. The geometry of

the laser's lateral waveguide is carefully controlled to ensure that all of the power is in the

fundamental spatial mode. Far field patterns of these devices are single lobed and stable to

the highest measured powers. These Fabry-Perot lasers exhibit single frequency operation
__to output powers as high as 170 mW, with linewidths as narrow as 5 MHz.

Desi | Fabricati

In order to ensure high output power, we chose a separate confinement heterostructure
(SCH) design in which the waveguide region perpendicular to the p-n junction plane is
relatively wide (410 nm). A single quantum well of InGaAs with a nominal thickness of
10 nm and a nominal InAs concentration of 20% was sandwiched between two 200 nm
thick GaAs guide layers. This separate confinement and quantum well region was centered
between n- and p-type layers of Al 29Gag 7gAs. A thin (~100 nm) Be-doped GaAs cap
served as the p-contact layer. All layers were grown by MBE, with the InGaAs quantum
well grown at a substrate temperature of 530°C, the GaAs layers grown at a substrate
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temperature of 600°C, and the Alg 22Ga() 7gAs layers grown at a substrate temperature of
650°C.

Accurate and reproducible definition of the lateral waveguide region is necessary to achieve
a single lateral spatial mode to high output powers. For this purpose, we chose a ridge
waveguide structure with a nominal 4 um wide ridge. A SEM photograph of the ridge
structure is shown in Figure 1; the facet has been etched to delineate the layers. The
critical step in the fabrication of ridge waveguide lasers is control of the etch depth, which
determines the lateral mode confinement. The preferred etch depth was empirically
determined to be about150+50 nm above the active layer. A fast etch of NayOH:
H50,2:H7O was followed by a slow H»SO4:H707:H5O etch to control the ridge height.
If the ridge is not etched deeply enough, the laser is essentially gain-guided; in this case,
excessively high threshold current densities (greater than 5 kA/cm2) arise because of
strong anti-guiding from the carrier-induced change in refractive index. On the other hand,
if the ridge is etched too deeply, the waveguide will support numerous spatial modes.

The ridge was isolated from the rest of the chip by the use of sputtered SiO,. n- and p-
contacts were formed using alloyed AuSn and AuZn, respectively. The p-contact had a
TiPtAu overlay.

Characteristics

A single-facet power-current curve is shown in Figure 2 for an uncoated 1000 um long
laser. The total output power is 170 mW at 200 mA. The laser operates in a single
frequency for bias currents between 80 and 200 mA. The characteristic temperature T,
ranged from 90 to 100 K. External efficiencies were 85 to 95%, due to extremely low
cavity losses. The internal loss was estimated at 3 cm™! from the slope of a plot of the
inverse of the external quantum efficiency versus cavity lengths from 400 to 1000 pm.

Figure 3 demonstrates that the far field pattern of a typical laser is single lobed and remains
in a stable pattern up to high powers. While the far field pattern is a good indication of
modal purity, a far more sensitive measure of mode quality can be obtained by monitoring
the emission spectra of the laser. An emission spectrum is shown in Figure 4 for the laser
of figure 2, biased at 200 mA. The lasers typically emitted in a single frequency and had
side mode suppression ratios greater than 20 dB, with linewidths as low as 5 MHz.
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Summary:

The design, fabrication, and lasing properties of high power, single mode, ridge
waveguide lasers will be described in detail. The excellent modal purity of these devices is
demonstrated by the stimulated emission spectrum, which shows single frequency
operation with side mode suppression of more than 20 dB and linewidths as narrow as 5
MHz at powers of up to 170 mW. These lasers are ideally suited as optical pumps for
Er3* doped fiber amplifiers.
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Figure 1. SEM photograph of the facet of a 980 nm ridge waveguide laser. The facet
has been etched to delineate the layers.
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Figure 2. Single-facet power-current characteristic for an uncoated 980nm diode laser.

Figure 3.

Far field pattern for a typical
980 nm ridge waveguide laser.
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Rapid progress in strained quantum well InGaAs/AlGaAs laser diodes has led to the wide
acceptance of 980 nm diodes as potential pump sources for Er**-doped fiber amplifiers
(EDFA). In particular, ridge waveguides have proven to be ideal structures for such
devices!"?, promising ease of manufacture, and potentially high reliability!®). In this paper,
we report high coupled power from ridge waveguide lasers into large NA single-mode fiber
designed for use in EDFA systems, using an industry-standard 14-pin DIL package outline.
We also report systems performance obtained using these lasers as the pump source in a
broad-band EDFA power amplifier.

The epitaxial structure is a graded-index separate confinement heterostructure, grown in a
low pressure MOCVD reactor. A single quantum well was employed, using a strained
InGaAs layer whose composition and thickness were engineered to provide lasing at a
wavelength of 980 nm. The threshold current density, measured on a 50 pm oxide stripe
structure with S00 pm cavity length, was 272Acm

The ridge waveguide structure employed is illustrated in the SEM photomicrograph
reproduced in Figure 1. The ridges were defined by wet chemical etching, resulting in a
typical U-shaped channel profile, with a ridge width of 2.5 pm measured at the top of the
ridge. Following etching, a thin film of Silicon Nitride, chosen for its excellent thermal
properties, was deposited over the entire structure using PECVD. Contact stripes were
photolithographically defined on the tops of the ridges, and opened by Plasma Etching.
Contacts comprising a Ti:Pt:Au tri-metal were deposited conformally in an E-beam
evaporator equipped with a planetary substrate motion. Finally, the wafer was mechanically
thinned to 100 pm and a conventional AuGeNi alloyed contact applied to the n-surface.

92-17325
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Figure 1

Individual devices were cleaved with a cavity length of 750 pm, and coatings applied to the
front and rear facets to produce modal reflectivities of around 5% and 95% respectively.
The dice are bonded p-side down onto Copper-Tungsten submounts using 60:40 Sn:Pb
solder. The threshold current is typically 20 mA, although the lowest value measured to
date is 9 mA. The output power slope efficiency is 0.87 mW/mA, measured from zero to
100 mW (the maximum value permitted by our calibrated power meter). Uncalibrated
measurements of total output power at 200 mA indicate a value of 150 mW. The series
resistance above threshold is 2Q, and the measured total power conversion efficiency is
typically 40% at operating power levels.

The packaging approach is illustrated in MowTon PoTocecoe
Figure 2. A 14-pin, dual-in-line flanged asen Cop
body is used, and both rear facet monitor reueeaATine  sexson
and TE cooler are present. The optical
fiber is soldered into a supporting tube
which is clamped firmly in place against the
laser submount. This arrangement has
been engineered to permit sub-micron fiber
alignment accuracy, while retaining a high
degree of immunity from typical thermal
and environmental hazards.
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Figure 3 shows the light-current
characteristic measured from the
end of a single mode fiber
having 022 nA, a cutoff
wavelength of 920 nm, and mode
field diameter of 3.8 um. The
power rises to 54 mW at 200
mA. There is a slope change at
38 mW in this device, caused by
the onset of higher order
transverse modes in the laser
diode, but this has not resulted
in a severe power drain from the
fundamental mode. Devices of
this type are rated for continuous
operation at a drive current of
200 mA.

We calculate that a differential fiber coupling efficiency of 38% has been achieved below
the slope change, reducing to 31% at higher power.

The laser illustrated in
Figure 3 was evaluated as
a pump source for an
EDFA power amplifier
optimized for flat spectral
responsel’, The signal
source comprised a high
coherence tunable
semiconductor laser
whose output was
preamplified to +3 dBm.
The measured spectral
gain characteristic shows
a flat response, within 1.5
dB from 1530 nm to 1560
nm. The gain
characteristic was
measured at 1547 nm,
and is shown in Figure 4.

GAIN CHARACTERISTIC OF 980 nm SINGLE LASER
PUMPED OPTICAL AMPLIFIER

®
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Figure 4

The saturation output power of +12.8 dBm is the highest reported to date using a single 980

nm laser diode pump source.

Direct measurement of amplifier noise shows that in

saturation condition, the Noise Figure is lower than 3.5 dB. From these results we obtain
a total power conversion efficiency of 48% (90% quantum efficiency), which is very close
to that reported using an "ideal” Ti:Sapphire pump source®,
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The use of these high power 980 nm ridge waveguide lasers as pump sources for EDFA
power amplifiers permits an ideal balance of low noise and high output power, leading to
improved systems performance in both digital and analogue optical signal distribution.
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1. Introduction

Fiber offers an extremely favorable geometry for optical devices, and fiber lasers[1] and
amplifiers [2] were reported only shortly after the first bulk glass laser [3]. The choice of host
composition has always been an important consideration. Silicates are the oldest and best
understood glasses, and the first glass lasers used silicate compositions selected for high rare earth
solubility and long lifetimes for the metastable state. The use of phosphate glass significantly
improved the performance of early bulk Er3+ lasers [4] and it has become the most common host for
bulk glass lasers doped with Er3* and Nd3+. Although outstanding performance has been achieved
using single-mode silica fiber, silica is a poor host for most activator ions, particularly rare earths.
The influence of glass composition on the properties of Er3+ fiber amplifiers will be considered with
particular emphasis placed upon silica; a more detailed discussion can be found in Ref. [5}.

2. Radiative Efficiency

The relative strengths of the relaxation channels available to an excited ion have an important
effect upon the characteristics of an optical amplifier. Nonradiative relaxation is the overriding
consideration in determining which of the excited states can be used to provide gain. For rare earths
nonradiative decay occurs through electronic relaxation to the next lower state accompanied by
multiphonon emission to conserve energy. The smaller the energy gap and the larger the
characteristic phonon frequency, the faster the rate. For most oxide glasses the phonon frequencies
are large enough to quench all but the 41132 level responsible for 1540 nm emission of Er°*. The
lower phonon frequencies of fluoride glasses lead to additional metastable states and amplifiers
have been demonstrated at 2700 nm [6] and 850 nm [7] using fluorozirconate fibers.

Another class of dissipative processes involves cooperative interactions or energy transfer between
Er3+ jons, phenomena which are sensitive to the distance between ions. This can lead to fast energy
migration among the ions until the energy is lost at a trap such as an OH~ complex [8]. Being the
lowest excited level, the 4113 /2 cannot relax to an intermediate state but can undergo cooperative
upconversion, a process in which two excited ions combine their energy leaving one in the ground
state and the other in an undesired highly excited state. Because cooperative upconversion requires
two interacting ions in the excited state it only manifests itself at high pump powers where it
appears as accelerated and nonexponential decay, the latter due to variations in coupling strength
between excited ions. This behavior has been observed [9] and further evidence has been the
detection of upconverted luminescence [9,10]. Moreover, the decay kinetics expected for a process
involving two ions in the 4113/, state were also seen [9]. The pump power dependence of the
upconversion mechanism has important device consequences since the quenching process will be most

deleterious at the high population inversions required for Er3+ amplifiers to achieve high gain and |
good signal-to-noise ratio.

3. Er3* Solubility

If the rare earth dopant is uniformly dispersed, as is the case for multicomponent glasses,
concentrations can greatly exceed 1019°cm™3 (=1000 ppm-wt) before cooperative processes become
significant. Pure silica, however, can incorporate only very small amounts of rare earths before
microscopic clustering appears. Rare earth ions require large coordination numbers, and Arai ef al.
have explained the solubility problem with a model in which the absence of a sufficient number of
nonbridging oxygens to coordinate isolated rare earths in the rigid silica network causes them to
cluster in order to share nonbridging oxygens [11]. Indeed, fiber amqlifier experiments have revealed
significant Er3*-Er3* interactions at an average concentration of ~1018 cm=3 in pure silica [12]. Four-
coordinated Ge is not expected to alter the tetrahedral silica network sufficiently to alleviate the
problem, and power amplifier [13,14] and small-signal amplifier [10] investigations have indicated
that performance degrades at similar Er3* levels for Ge-doped silica.
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The addition of Al203 to silica eliminates the clustering problem and provides solubilities similar
to multicomponent silicate glasses [11]. This has been explained in terms of Al;03 forming a
solvation shell around the rare earth ion and the resultant complex being readily incorporated into
the silica network [11]. Power amplifier studies found Er3* levels =101 cm3 in Al-doped silica
provided approximately the same efficiency as found for concentrations an order of magnitude lower
in Ge silica ﬁ‘l]. By comparison, levels <1019 cm™3 in Ge silica reduced the efficiency by roughly an
order of magnitude from the low concentration limit [13,14]. The correlation between the positions of
the rare earth and Al ions implied by this model is consistent with the small Al-to-Er ratio (~50)
required to eliminate quenching effects in fiber amflifiers [13]). No comParable benefits are derived
from P doping: for PoO3 levels up to 1 mol%, Er3+ concentrations <1018 cm3 are still required to
prevent quenching [13].

4. Operation at 1540 nm

The electronic structure of rare earth ions is dictated by electron-electron interactions, with the host
principally affecting the splitting of the Stark levels of the J multiplets. Odd-symmetry terms in
the host ligand field potential at the ion site introduce an electric-dipole component to the
radiative transition strength between the multiplets. For most transitions this dominates the
oscillator strength although the important 4I15 (2 © 4112/2 transitions of Er3* have a significant
magnetic dipole component. The strength of the *I15/2 — %113 /2 absorption varies by only a factor of
two among glass compositions [5,15], while oscillator strengths for Nd3+ can vary by as much as a
factor of four [16]. The smaller range for Er3* is due in part to the relatively host-independent
magnetic dipole contribution. For rare earth ions it is common practice to connect the oscillator
strength in absorption, f12, and emission, f21, employing the Einstein relations generalized to account
for the finite linewidth (also referred to as the Landenburg-Fuchtbauer relationship). However,
experimental evidence indicates that this approach leads to significant error for the 1540 nm
transitions [17] because the assumptions needed to generalize the Einstein relations are not satisfied.
Recently a less restrictive analysis procedure has been presented [18]. Table 1 compares measured
absorption and emission oscillator strengths as well as peak cross sections, o, for several glasses.
Although the Einstein relations predict that oscillator strengths and cross sections should be larger
in emission than absorption, the opposite is generally true.

Cross section spectra are important in determining amplifier characteristics, particularly efficiency
and gain bandwidth. Figure 1 illustrates the extreme diversity that can be found in the shape of
the EP* emission spectrum. These variations are not due to inhomogeneous broadening but rather to
differences in the distribution of transition strength among the 56 Stark transitions that comprise
the emission band. Sharper spectra result in higher peak cross sections and gain efficiencies
(dB/mW), while broader spectra yield wider gain bandwidths under conditions of high inversion.
Table 2 lists full-widths at half-maximum (FWHM) for representative glass compositions; pure
silica and fluoride glasses lie at the opposite extremes of the observed values. Also indicated is the
3-dB gain bandwidth for a fully inverted amplifier with a peak gain of 30 dB. This serves as the
lower bound on what is expected in actual operation since high gain amplifiers are usually
incompletely inverted. Note that the emission spectrum of Al/P silica in Figure 1 is anomalous for a
silicate glass, being more characteristic of a fluorozirconate or high-fluorine-content
fluorophosphate. This is reflected in the wide gain bandwidth for this composition seen in Table 2.

5. Pump Bands

The performance of a fiber amplifier is extremely sensitive to the characteristics of the pump band
used, properties that are also dependent on host. Exciting at 980 nm has produced the best results
for 1540 nm amplifiers. This is a consequence of the relatively large ground state absorption (GSA)
cross section and the complete absence at this wavelength of excited state absorption (ESA) for the
4113 /2 metastable state. For this pump band most glass compositions have peak cross sections ranging
from 2.0 to 2.5x 1021 cm2 and FWHMSs of 15-20 nm. Excellent results have also been obtained
directly exciting the 411372 by pumping at ~1480 nm. The absorption cross section is comparable to
that at 980 nm, but the finite value of the stimulated emission cross section at the pump wavelength
prevents complete inversion. This manifests itself as reduced gain efficiency and a noise figure
penalty that has a minimum value of 1-2dB. The magnitude of the penalty appears to be
relatively independent of glass composition [5).
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Er3+ also has an absorption band at 800 nm which suggests the possibility of pumping with high-
power AlGaAs diode lasers, but relatively poor performance has been achieved at this band because
of the low strength of the GSA transition (0.6-1x 1021 cm2) and an intense, overlapping ESA
transition. High gains have been achieved with silica fibers by pumping the long-wavelength wing
of the GSA band at ~820 nm [19], thereby avoiding the ESA at shorter wavelengths. Alternatively,
one can utilize glasses with a more advantageous ratio between the cross sections, ogsa and
oGsa [20). ESA measurements have been used to identify compositions more favorable than
silica [21,22]. Using the data of Zemon et 4l. [22], Figure 2 compares the spectral dependence of the
ratio of Ggsa to 6gsa for Al/P silica and a fluorophosphate glass. Not only is the fluorophosphate
better at all wavelengths, but 6gsa exceeds ogsa even at the peak of the pump band. Model
calculations indicate this translates into an improvement in gain and efficiency in small-signal
amplifiers, and an even more significant increase in conversion efficiency for power amplifiers [23].

6. Operation at Other Wavelengths

Another important transition of Er3+ is the 4111 /2 413 /2 at 2700 nm which requires a nonoxide
glass for the fiber to be transparent and the 4I11/2 to be metastable. The long lifetime of the upper
level lends itself to small-signal amplification and a gain of 18 dB has been reported for a
fluorozirconate fiber amplifier [6]. Because the terminal level is also metastable, a technique for
emptying it is essential to good performance. An effective approach, first demonstrated by Brierley
et al., is to pump at a wavelength with appreciable ESA [24]. Carrying this process still further,
Whitley et al. have used upconversion pumping at 800 nm to achieve 23 dB gain on the 4532 —
413 /2 transition at 850 nm in a fluorozirconate fiber [7]. Rather than being deleterious, here the
800 nm ESA enables a single excitation wavelength to perform multiple functions: populate the
upper level and deplete all other metastable states, including the terminal level.

I wish to acknowledge experimental assistance by B. Thompson, data provided by R. Quimby, S.
Zemon, M.P. Singh, and B. Pedersen, and stimulating discussions with L. Andrews, M. Dakss, R.
Folweiler, T. Wei, and R. Klein.
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Table 1
1540 nm TRANSITION STRENGTHS
Emission Absorption
f21 Peak o f12 Peak ¢
Glass (106) (1021 (106) (1021
_ . cm2) an?)
Al/P silica 1.07 5.12 1.17 5.28
Silicate L22 0821 7.27 0.737 5.80
Fluoro-
phosphate 1.38 7.16 1.53 6.99
(low fluorine)
Fluoro-
phosphate 133 5.79 1.48 5.76
(high fluorine)
Fluoro-
zirconate 1.26 495 129 498

‘Sources: Lifetimes for Al/P silica this work, all
other lifetimes R.S. Quimby, private
communication; absorption for Al/P silica M.P.
Singh, private communication.
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Figure 1: Er3* emission band for ZBLAN
fluorozirconate and doped and undoped silica.
Spectra were scaled to same peak value to
facilitate comparison.
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Table 2
1540 nm BANDWIDTHS

BANDWIDTHS
(nm)

Glass

Pure silica

Ge silica 249 4.2
Al/P silica 433 6.4
Silicate ED2 204 3.3
Phosphate L27 271 3.6
Fluorophosphate 32.0 3.7
(low fluorine)

Fluorophosphate 43.3 5.8
(high fluorine)

Fluorozirconate 63.3 11.7
Ba-Zn-Lu-Th 59.2 10.1
fluoride

Borate L87 41.2 5.6

w
-
-

-l

ESA / GSA CROSS SECTION RATIO

| Fluorophosphate .
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WAVELENGTH (nm)

Figure 2: Ratio of the ESA to the GSA cross
section over the range of the 800 nm pump band;
based on data of Zemon ef al. [22]. Comparison
is for Al/P silica and low-fluorine
fluorophosphate.
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Non-linear excited state absorption in Er**-doped fibre with high-power 980nm pumping
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ABSTRACT

We report the measurement of non-linear excited state absorption (ESA) in Er *-
doped fibres pumped at 980nm. The implications for high-power high-gain amplifiers
are discussed.

INTRODUCTION

The performance of erbium doped optical fibre ampiifiers'? can be significantly
degraded by excited state absorption (ESA) of the pump light from the metastable *l,,,
state. Laming et af showed that ESA was negligible for pumping into the 980nm and
530nm absorption bands, whilst Snitzer et al* showed that pumping directly into the
“,22 band was also possible. These deductions were based on linear ESA .
experiments in which the small signal absorption spectrum was measured in a regime
in which the population was fully inverted.

Recently, high-power, high-gain amplifiers have been reported®® with 50% slope
efficiency, corresponding to a quantum efficiency of 80%, and with linear
characteristics up to injected pump powers of 1.1W at 980nm. In this paper, we show
that there is a non-linear ESA from the 980nm pump, and suggest that it arises from
the short-lived “l,,, state which is pumped directly by 980nm light. It is of interest to
determine whether the non-linear ESA has a detrimental effect on amplifier
performance at high power.

EXPER|MENT ESA Upconversion Fluorescence

989nm pump
Er doped flbre: AD—-025-03

;
2

The experimental configuration consisted
of a Ti:sapphire laser, giving up to 1W at
980nm in the TEM-00 mode, injected
into Erbium doped germanosilicate fibre
with an LP,, cut-off of 850nm, a NA of
0.22 and a doping level of ca 50ppm.
The maximum power injected into the
fibre was 340mW. At these powers, the
fibre glowed with the green fluorescence
characteristic of emission from the *S,,
and °H,,, states. Fig 1 shows the
fluorescence spectra from these states.

i
re

Infensty (arbitrary uniis)

. Wu?olcngm .z:ml)

Figure 1 Er* fluorescence around 540nm.
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Providing reabsorption can be neglected, the fluorescence intensity is a measure of
the ESA. This was confirmed by comparing the side-scattered and transmitted
fluorescence intensities at 546 nm as a function of pump power for a 20m length of
fibre in which the fluorescence was uniform along the fibre length. In the iog-log plot
of Figure 2, the power law which characterises this ESA is shown to be 1.4. The
same law applied to both resuits. The fibre, when pumped with 340mW, exhibited
significant ASE generation, but was not lasing. The fluorescence power was measured
to be 20nW from one end of the fibre of length 20m.

The small signal gain properties were measured in a 100m length of fibre up to 60mwW
of pump. The results are shown in Figure 3.

980nm ESA 1S36nm Gain
Erbium Doped Fibre Erbium Doped Fibre
21 EEA Power 4B o 5ain d8
- 10
20 - w /
1 ~ - 10 ]/
1 - a
- el {
: ) caap—
L] ~30 l
~3, s rm m 70 r "% ) an 30 .0 se "
Pump Power dBm Pump Power mw
S43nm fluorescence 980nm pump, 93m, -25.0 aBm nput

fluorescence against purnp power. amplifier

The onset of the normal saturation behaviour is shown by the knee at 10mW. it is
noted that there is an onset of a second saturation process observed by the flattening
of the gain at about 40mW of injected power. It is noted that this change of siope
occurs at pump powers which roughly mark the "onset" of both the non-linear ESA
reported apove in Figures 2 and the observation of significant Amplified Spontaneous
Emission (ASE).

The lifetimes of emission from both the *S,, state at 546nm and the 2H,,,, states were
measured using gated photon counting techniques to be 980ns. These states are, as
expected, in quasi-thermal equilibrium, Assuming that the radiative lifetime is similar
to that in crystals, namely 0.7ms’, the quantum yield is _1.4x107.

DISCUSSION
The issues raised by the results obtained in this paper primarily relate to the

performance of 980nm light as a pump source for erbium doped fibres as power
amplifiers. Generally, ESA will degrade amplifier performance.
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Firstly, we consider the mechanism of Exbium E Level
the observed ESA. From the energy rolum Energy -evels
level diagram in Figure 4, the observed X 1000 cm -1

emission from the *S,, and ?H,,,, states 2”"5H 3;,,2 —
cannot arise from single photon "12'4F3'2

absorption from the metastable Iy, -, 92 s
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Figure 4 Er* energy levels

Consider next the observed pump power-law dependence of 1.4. We will show that
a detailed model of ESA from short lived states gives the following pump power
dependencies:-

Low Power: A quadratic dependence on pump power is expected at low power
for a sequential two-photon absorption process from the undepleted
ground state.

Intermediate Power. At these powers, above about 10mW, population
inversion depletes the ground state. The ground state is replenished by
spontaneous radiative decay. The pump power dependence falls to
linear in this saturation regime.

High Power: Above about 40mW pump power, significant build up of Amplified
Spontaneous Emission (ASE) is observed in the fibre. This leads to a
more rapid population cycling, and hence an increase of the steady-state
ground state population with pump power. A simple mode! of ASE build
up shows that the power law for the ESA approaches 1.5. This is in
accord with the 1.4 power dependence observed at powers above the
saturation power.

For the pump powers used to obtain the power law results of Figure 2, the system is
in the high power regime. The observed power law of 1.4 is in good accord with the
expected 1.5 law in this regime. More details of the model will be presented at the
conference.

A significant issue is the efficiency of the ESA process, as it determine whether the
effect is deleterious in high power amplifiers. 20nW emission is observed at the end
of the fibre with 340nW of pump. With a collection efficiency of 3.6x107, the total
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radiated power is 6uW and, for the quantum yield of 1.4x10%, this corresponds to
4mW of dissipated power. For an amplifier with no signal input, this is not a significant
loss.

Howaever, it is noted that the ESA from short-lived intermediate states depends on the
steady-state ground state population, and a high power ampiifier operating in the
heavily saturated regime has a population inversion in the presence of the signal
which is clamped in the same manner as a laser osciilator. If so, any ESA loss will be
linear in pump power, and will be manifest by a reduction of slope efficiency. It is
passible that the abserved quantum extraction efficiency of 80% for 980nm pumping
can be attributed to ESA from short-lived intermediate states.

CONCLUSIONS

We report for the first time evidence of non-linear ESA in erbium-doped fibres. The
process is attributed to absorption from short-lived intermediate states. Further
experiments are required to determine whether the mechanism plays a role in limiting
the efficiency of high power erbium doped amplifiers.
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Amplification Reduction in Fiber Amplifiers Due to Up-Conversion at
Er**-Concentrations Below 1000 ppm.

P. Blixt", J. Nilsson®, T. Carlinds’, and B. Jaskorzynska"
Introduction

One of the key parameters for optimizing erbium-doped fiber amplifiers (EDFAs) is the

-concentration profile. Below the concentration for onset of component clustering, up-con-
version may play a significant role [1]. Recent experiments have shown that up-conversion is a
considerable deteriorating mechanism even below an erbium concentration of 1000 ppm by weight
[2,3].

In this paper, we have made an extensive study of eight different fibers in order to examine
the up-conversion as a function of erbium concentration below 1000 ppm by weight. From these
experiments and a computer model of up-conversion, we have been able to estimate the up-con-
version coefficient used in our rate-equation model. These results are necessary for accurately
modelling EDFAs with erbium concentrations down to approximately 100 ppm by weight and for
erbium profile optimizations. .

Up-conversion model

Up-conversion of Er**-has previously been studied in bulk-crystal materials [4]. In a recent-paper

[5], the up-conversion coefficient for Er’* in YAG has been estimated to be 1.5 —4 x 10°® m*/s and
shown to be independent on erbium concentration.

The energy diagram for two atoms is shown schematically in Fig. 1. The sequence of
up-conversion in our model is the following: 1) two nelghbounng atoms are excited to the °I,,,-level
by two photons with a wavelength of 1.48 um. 2) energy is transferred non-radiatively from one
of the atoms (donor) to the other atom (acceptor). The energy-transfer results in a dz-cxcited donor
atom and an acceptor atom in the I,,,-state 3) the acceptor atom relaxes to the ‘I, «-State within a
few nanoseconds. At this level there is a non-negligible splitting ratio which we estimate to be of
the order of 1:10000 from our computer model. The most probable decay is to the upper lasing level
(4a). Roughly, one out of ten thousand atoms relaxes down to the ground state under emission of
a photon at a wavelength of 980 nm (4b).

3 “loa Fig. 1 Up-conversion in erbium-doped fibers. 1)
> L two neighbouring atoms are excited. 2) energy
2l 4D is transferred from the domor atom to the
1 R acceptor atom via phonons. 3 ) the acceptor atom
E' . s 2 *1isa immediately relaxes to a lower lever and either
! “®© 4a) relaxes down to the upper lasing level or 4b)
B, £ £ relaxes down to the ground level under emission
g l} § g of a photon.
Y .,
Erde Erde o
Donor Acceplor

In Fig.1, all dashed arrows represent non-radiative transitions while solid arrows represent
radiative transitions. Due to up-conversion one or both ions involved in the process retum to the
ground level. The closer the atoms are, the easier energy is transferred. Thus up-conversion is

concentration dependent. The process can be modelled by incorporating a quadratic term (—=2C - n?)
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in the rate-equation for the upper lasing level and the term C - n}, in the rate-equation for both the

ground level and the ‘L,,-level [5]. n, is the concentration of atoms in the upper lasing level and C
is a material constant. Here, we will restrict the investigation to obtain an order of magnitude
estimation of C in erbium-doped fibers.

Characterization of fibers at 1.5 um

The fibers were made by Ericsson Cables AB using the solution doping technique. Care was taken
to keep all parameters constant except the erbium-concentration. Fibers with two different
co-dopants were made, namely GeO, and GeO,-Al,0;-P,0;. The e’ mean mode-field radius was
4.9 pm and the mean core diameter was 8.8 |im with standard deviations of 0.3 um and 0.7 pm,
respectively. The “I,;, level fluorescence lifetime at e was measured for low pump-powers to be
10-11 ms for the Ge-core fibers and 7-8 ms for the Ge-Al-P-core fibers. The flourescence lifetime
was independent of Er’*-concentration, showing absence of concentration quenching [1]. Only the
host material affected the lifetime. The maximum amplification was measured for the optimum
length at a pump power of 25-26 mW at 1.48 um. The set-up used for amplification characterization
consisted of one laser diode for pumping and a tunable signal laser diode. The signal was always
kept at the wavelength for maximum amplification, i.e. around 1.535 pm. Both the signal laser and
the pump laser had optical isolators to prevent feedback. The pump and the signal was launched
into the erbium-doped fiber via a wavelength division multiplexer (WDM). At the end of the
erbium-doped fiber, an additional optical isolator was used to prevent feedback from the end facet.
Input and output signals were measured with an optical spectrum analyzer and the amplification
within the fibers were calculated taking into account input and output coupling losses for each fiber.
The input signal power was in the range -40 to -35 dBm to avoid amplification saturation.

Characterization of fibers at 980 nm

We measured the 980 nm luminescence due to up-conversion in the backward direction at
the 1.5 um input/output port of the WDM. In the forward direction stray light from the pump at
1.48 um severely reduced the sensitivity in our set-up so that the signal at 980 nm was flooded by
the pump. The fiber lengths were several absorption lengths at 980 nm to ensure that maximum
luminescence power was detected. Unfortunately, the WDM attenuated the 980 nm luminescence
by approximately 10 dB. The resolution of the optical spectrum analyzer was set to 5 nm during
all measurements of the luminescence at 980 nm. The full-width at half-maximum spectral width
at 980 nm was approximately 30 nm, thus roughly 1/6 of the total power at 980 nm was measured.
When pumping at 807 nm, there have been luminescence at 800 nm due to up-conversion [1].
However, in our case, there was no detectable luminescence at 800 nm. Furthermore, we were not
able to detect higher order up-conversion luminescence at 670 nm. By plotting the maximum
amplification for 25-26 mW pump at 1.48 pm as a function of detected up-conversion luminescence
at 980 nm, we see a strong correlation between the parasitic effect of up-conversion and amplifi-
cation. See Fig. 2.

Up-conversion depends on the Er’*-concentration. However, the exact dependence has never
been investigated in silica fibers. The Er**-concentration profile was measured on the preforms
using electron probe microanalysis in a scanning electron microscope at SGU, Uppsala, Sweden.
The spatial resolution was 6 X 6 pm’ at an energy of 20 keV. The accuracy was + 10 % at these
levels. The erbium profile is assumed to be the same in the fiber as in the preform because
out-diffusion of Er’** is negligible during pulling of the fiber [6]). As in Ref. 6, the erbium concen-
tration followed the Ge-concentration and a dip in the middle of the core was clearly seen for both
germanium and erbium. Contrary to Ref. 6, there was a similar dip in the Ge-Al-P-core fibers. Then
a mean erbium concentration was calculated by averaging the erbium concentration profile within
the full-width at half-maximum of the scan. Moreover, a standard deviation was calculated for the
same region. This standard deviation should not be confused with the accuracy of profile
measurements, it is only a measure of the profile variation. The mean erbium concentration with
its standard deviation was then plotted versus the 980 nm luminescence. See Fig. 3. It is the same
values of the power at 980 nm as in Fig. 2, but they are given in pW instead of dBm in Fig. 3.
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We also measured the lifetime of the 980 nm luminescence, which was less than (.15 ms.
(The temporal resolution was limited by our mechanical chopper.) This rougly agrees with Ref. 5,
where the lifetime of the 980 nm luminescence in Er**-doped YAG has been measured to be
approximately 100 ps.

Determination of the up-conversion coefficient

The effect of up-conversion was included in our numerical model by adding a loss term (-2C - n;)

in the rate-equation for the upper lasing level and the term C - n/, in the rate-equation for both the

ground level and the “L,-level [5]. We were primarily interested in obtaining a value for the
up-conversion constant él In order to achieve this, we correlated simulations with measurements
of the 980 nm luminescence transverse to approximately 6 mm of fiber. The measurements were
performed with a sensitive silicon detector with negligible responsitivity of the signal at 1.5 pm.
We measured the 980 nm Iuminescence as a function of pump power at 1.48 pum. In this case, we
used a short fiber (<1 m). Hence, amplified spontaneous emission was negligible. However, there
is anon-negligible emission cross-section at 1.48 pm, which was included in the simulations. Using
measured values for mode-field radius, core diameter, pump-power threshold and erbium-doping
profile, we were able to preliminary determine the up-conversion coefficient to be around 10 m’/s.
This order of magnitude of the up-conversion coefficient reduces the maximum amplification in a
similar way as in Fig. 2 according to our preliminary simulations. Additionally, we obtained an
order of magnitude estimate of the splitting ratio (1:10000) between radiative transitions to the
ground level and transitions to the upper lasing level at the “I,, ,-level by fitting both amplitude and
curvature of the pump vs. 980 luminescence dependence. We used literature values for the ratio of
the emission and absorption cross-sections. We are now working on an improved model incorpo-
rating measured cross-sections for the specific fibers. The simulated and measured up-conversion
iuminescence at 980 nm is shown in Fig. 4.
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Fig. 4. Simulated (lines) and
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8 g o=10 ms 10 m’ls and a splitting ratio
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Conclusions

We have found strong correlation between amplification and deteriorating up-conversion in fibers
with both Ge- and Ge-Al-P-cores when the erbium-doping concentration is in the range 70 to 840
ppm by weight. When plotting the 980 luminescence vs. maximum amplification in a logarithmic
scale, the slope was ~ -0.5 irrespective of the host material. Furthermore, we have investigated the
up-conversion efficiency as a function of erbium concentration as well as measured an upper limit
of the 980 nm luminescence lifetime (< 150 ps). By computer simulations, we have been able to
establish a value of the up-conversion coefficient around 10** m*/s as well as a splitting ratio at the
*I,\p-level of roughly 1:10000 between radiative transitions to the ground level and transitions to
the upper lasing level. These results should be helpful for optimizing the erbium doping profile and
for modelling of the amplification.
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Erbium-Doped Fiber Amplifiers Pumped in the 800-nm Band
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The performance of fiber amplifiers is extremely sensitive to the material-dependent properties
of the pump band. High-power, reliable, low-cost diode lasers are currently only available at
800 nm, a poor pump band for Er3+ due to the low strength of the ground state absorption (GSA)
transition and an intense, overlapping excited state absorption (ESA) band. High gains have
been achieved with silica fibers by pumping the long-wavelength wing of the GSA band at
=820 nm [1,2], thereby avoiding the ESA at shorter wavelengths but introducing another problem
by reducing the already low GSA cross section at the pump wavelength. Alternatively, the use
of other glass host compositions with reduced ESA has been proposed [3]. We have examined
both approaches using experimentally determined parameters in a highly quantitative
numerical model to compare the performance of Al/P-silica, Ge/P-silica, and fluorophosphate
fiber amplifiers. The analysis was performed for co- and bi-directional pumping and included
treatments of waveguide design, Er3+ confinement, pump-wavelength dependence of gain and
noise figure, and quantum conversion efficiency for power amplifiers.

Experimental: The Al/P-silica and Ge/P-silica fibers were drawn from solution-doped
MCVD preforms. The previously described procedure for determining the GSA cross sections
from cut-back measurements and the Er3+ doping profile [4] was augmented by neutron
activation analysis to provide a more accurate value of the Er3+ concentration. Because
measurement difficulties prevented a determination of the absolute values of the cross sections
for Ge/P silice, the absorption spectra were converted to cross section by setting their oscillator
strengths equal to the mean of published values for three silica preforms [5] and the AVP silica.
Cros; sections for the fluorophosphate were determined using the absorption spectra of bulk
samples with known concentrations. Stimulated emission cross sections were determined from
emission spectra and excited-state lifetimes using established techniques [6]. The ESA cross
sections, Og4, were measured for single-mode silica fibers and multimode fluorophosphate
fibers using procedures discussed in Ref. 7. Fig. 1 illustrates O34 and the GSA cross sections,
013, for the three glasses; the 800-nm pump band is always dominated by a strong ESA band
centered at 790 nm. For the silicas, the extended long-wavelength tails of the GSA bands lead to
a region =820 nm where O13 = G24. In contrast, beyond =800 nm Gj3 > Gg4 for the
fluorophosphate even at the peak of the pump band.

Theory: The analysis was performed using a full-scale, large-signal, numerical model [8]
hat has been shown to accurately reproduce experimental results [9]. Actual LP modes
:alculated from the fiber index profiles were used for the pump and signal. The values for all
sther inputs to the calculation were experimentally determined. Pump ESA was included and
the full spectrum of the forward and backward amplified spontaneous emission (ASE) was
treated.

Gain Coefficient: The signal wavelengths was chosen to lie at the peak of the emission
for each composition. The emission and absorption cross sections used were, respectively, 55and
52x10"25m2 at 1532 nm for the Al/P silica, 8.6 and 8.9 x 1025m2 at 1536 nm for the Ge/P silica,
and 7.5 and 6.8 x 1025m?2 at 1533 nm for fluorophosphate. The corresponding radiative lifetimes
were measured to be 10.8, 11.0, and 8.25 ms, respectively. For a given waveguide geometry and
pumping scheme, the gain coefficient is defined as the maximum of the ratio between the small
signal gain in dB and the total pump power launched in the fundamental mode in mW. It was
found by iteratively changing the pump power, finding the fiber length that gives the maximum
small-signal gain, and plotting the gain to pump power ratio until the maximum ratio was
reached. In Fig. 2 the gain coefficient is shown as a function of cutoff wavelength for a (a)
AlVP-silica fiber pumped at 815 nm, (b) Ge/P-silica fiber pumped at 810 nm, and (¢)
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fluorophosphate fiber pumped at 805 nm. Results are displayed for co-directional (dashed
curves) and bi-directional (solid curves) pumping. Similar gain-coefficient curves were
calculated for a series of pump wavelengths at intervals throughout the 800-nm band, and those
depicted in Fig. 2 are for the pump wavelengths yielding the highest value for each host. As seen
from the figure, the fluorophosphate fiber is predicted to give the highest gain coefficient, 3.5
dB/mW. This is not surprising, since both G;3 and 0313/C94 are higher for this composition.
However, the Ge/P-silica fiber has a gain coefficient that is only slightly lower. This is because
the emission cross section at the signal wavelength is higher for Ge/P silica and the excited
state lifetime is 25% longer, resulting in a smaller threshold pump power needed to obtain
population inversion. In the przsence of ESA the gain coefficient can be improved up to 50% by
applying the bi-directional pumping scheme. When the pump power is high enough to reach
inversion, a significant fraction of any additional pump power will be attenuated by ESA and
will be of no use further on in the fiber. Therefore, splitting the power by pumping from both
fiber ends causes the amplifier to become more efficient. Additional analysis of the bi-
directional pumping scheme shows that, of all the possible options for dividing a given total
pump power, the highest gain is achieved when the pump power is divided equally.

Gain and Noise: The small-signal gain is presented in Fig. 3 as a function of pump
wavelength for the three compositions. The profile is step-index with an NA of 0.3. The cutoff is
chosen to be 800 nm, the optimum value from Fig. 2. Results are shown for total launched pump
powers of 10, 25, 50, and 100 mW for both co-directional (dashed curves) and bi-directional
(solid curves) pumping. As seen from the figure, the small-signal gain for the bi-directional
case can exceed that for the co-directional case by as much as 10 dB. For the silica fibers in
particular, the gain difference is most pronounced at shorter pump wavelengths where the ESA
is more significant. With a pump power of 100 mW the maximum gain for the fluorophosphate
fiber is predicted to be 2 dB higher than that for the Ge/P-silica fiber, and 6-8 dB higher than that
for the Al/P-silica fiber, The noise figures, corresponding to the small-signal-gain values in
Fig. 3, were observed to increase with increasing pump wavelength, i.e., for 50-mW, co-
directional pumping the noise figure for the Al/P-silica fiber increases from 3.3 dB, when
pumping at 800 nm, to 5.8 dB, when pumping at 825 nm. For the Ge/P-silica fiber it increases
from 3.3 to 7.2 dB and for the fluorophospate fiber from 3.5 to 6.8 dB. The increasing noise
figures are due to the decrease in G13. However, the noise figure for the fluorophosphate exceeds
those for the silicas at shorter wavelengths, even though the former composition has higher G13
values. This is because the excited state lifetime for the fluorophosphate is 25% shorter.

Erbium Confinement: For step index fibers with an NA of 0.3, Fig. 4 plots the gain
coefficient as a function of the confinement factor, which is defined as the ratio of the radius of
the erbium concentration profile to that of the refractive index profile.The pump wavelengths
are chosen as in Fig. 2. As seen from Fig. 4, the gain coefficient is improved by more than 50%
when the confinement factor is decreased from 1.0 to 0.1, and it reaches values close to the
maxima found for step index fibers with an NA of 6.4 and a confinement factor of 1.0 (shown in
Fig. 2). For practical applications this means that the gain coefficient can be improved without
affecting the splice loss between the amplifier fiber and a standard telecommunications fiber.
The primary impact of a change in the gain coefficient is on the launched pump power and not
on the gain. Thus, decreasing the confinement factor will reduce the pump power required for a
given net gain in inverse proportion to the increasing gain coefficient. In contrast, when
improving the gain coefficient by increasing the NA, the improvement in the ratio of the net
gain to launched pump power will be countered by the increasing splice losses. It should be
noted that when the confinement factor is decreased from 1.0 to 0.1, the optimum cutoff
wavelength was observed to increase from 800 nm to 920 nm for bi-directional pumping and
from 830 nm to 950 nm for co-directional pumping.

Power Amplifiers: A power amplifier is best characterized by the quantum conversion
efficiency (QCE) which is defined as the the number of photons added to the signal divided by
the total number of launched pump photons. The QCE is plotted in Fig. 5 as a function of the
pump wavelength for bi-directional pumping with total launched powers of 25 and 100 mW for
the pump and 1 mW for the signal. The fluorophosphate fiber is predicted to have a QCE that is
50% higher than that of the two other types of fibers. This is because the major loss mechanism
is ESA when the amplifier is highly saturated by the signal. Since the effects of ESA are
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reduced at longer wavelengths, especially for the fluorophosphate, the QCE approaches the
theoretical limit of 1. This also explains why the optimum pump wavelength is longer in
comparison to that for the small-signal regime, where the efficiency is limited not only by ESA
but also by ASE, spontaneous emission and residual pump power.

Conclusion: A full-scale numerical model was used to analysize 800 nm pumping of Er3+-
doped fibers. Three glass host compositions, AVP silica, Ge/P silica and fluorophosphate, were
compared and all model input parameters, including the excited-state-absorption cross sections,
were experimentally determined. The highest gain coefficient, 3.5 dB/mW, was found for a
fluorophosphate fiber with an NA of 0.4. The bi-directional pumping scheme was determined to
be the most efficient, with a gain coefficient of up to 50% higher than that for co-directional
pumping. The small-signal gain can be as much as 10 dB higher for the bi-directional pumping
scheme. The noise figure was observed to increase by up to 3.5 dB with increasing pump
wavelength. The noise figure for bi-directional pumping is predicted to be 2 dB higher than that
for co-directional pumping. The use of a confined erbium doping yielded improvements in the
gain coefficient of more than 50%. When used as a power amplifier, the fluorophosphate fiber
was predicted to have a 50% higher quantum conversion efficiency than those of the two silica
fibers.

We thank L. J. Andrews and T. Wei for helpful contibutions, and G. Lambert, B. Thompson, B.
Hall, and R. Hammond for technical assistance.
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Gain Characteristics of Lanthanum Co-Doped Erbium Fiber
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- Recent progress on erbium-doped fiber amplifiers (EDFAs) and their
application to optical communications has been very rapid since the EDFA
has many advantages such as polarisation-insensitive high gain, a low noise-
figure, and low insertion loss.! It is well known that in order to obtain a
broader and reiatively flatter gain profile, Aluminum (Al;O3) is co-doped into
the core of the fibers.23 To make a wavelength independent flat gain profile
is very important from the viewpoint of ultrashort pulse amplification and
wavelength division multiplexing technique. Payne and Laming investigated
a Borolanthanate co-doped EDFA.4 Although LaF3 or LapO3 were used as
hosts for Nd ions3~7, detailed gain characteristics of a Lanthanum co-doped
Er/SiO; fiber amplifier have not yet been clarified.

In this paper, we describe for the first time the detailed gain characteristics of
a Lanthanum (La) co-doped EDFA and compare then with those of Al co-
doped and non co-doped EDFAs.

La co-doped silica-based erbium fibers were made by the VAD method and
the solution doping technique, where the refractive-index difference between
the core and the cladding was made by doping GeO>. Figure 1 shows gain as a
function of launched pump power at 1.48 um. Fiber A is a La co-doped EDFA.
The doping concentrations of erbium and lanthanum ions are 420 ppm and
4000 ppm, respectively. The relative refractive index difference, the cut-off
wavelength and the modefield diameter are 1.11 %, 1.27 um, and 5.6 pum,
respectively. The fiber length is 20 m, so that the product of the fiber length
and the Er concentration is 8400 mppm. Fiber B is an Al-Er/SiO; fiber, in

which the doping concentrations of the erbium and aluminum ions are 220
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ppm and 2000 ppm, respectively. The relative refractive-index difference, the
cut-off wavelength, and the modefield diameter are 1.02 %, 1.18 um, and 5.8
um, respectively. Fiber C is an Er/SiO; fiber which has no codopant. The
erbium concentration for Fiber C is 450 ppm. The relative refractive-index
difference, the cut-off wavelength, and the core diameter are 1.06 %, 1.17 um,
and 5.8 um, respectively.

A 38 m-long fiber is chosen so that the product of the fiber length and the Er
concentration is the same as that of Fiber A. Fibres B and C are measured for
comparison with La-Er/SiO; fiber. The signal input level for the gain
measurement is - 40 dBm. It is found from Fig. 1 that the gain at 1.535 pm for
Fiber A is the highest among them and the gain at 1.552 um for Fiber A is
between those of Fibres B and C. These results indicate that La is promising
as a co-dopant for erbium fibers.

Figure 2 shows gain vs. amplified output power for a 1.48 pm pump power
of 50 mW. -3 dB saturation powers at 1.535 um for Fibres A, B, and C are +
1.2 dBm, + 2.0 dBm, and + 0.4 dBm respectively. Those at 1.552 um are + 4.6
dBm, + 5.4 dBm, and + 4.4 dBm, respectively. Although the gain saturation is
slightly bigger in Fiber A, a high power La co-doped EDFA at 1.55 um is
possible since the amplified output power easily reached around + 5 dBm.

Important roles of the Al co-doping are to remove the concentration
quenching ( cooperative up-conversion) and to flatten the gain profile. We
have investigated how La ions flattened the EDFA gain profile as compared
with Al-Er/ SiO or Er/SiO; fibers. The results are shown in Fig. 3. The pump
power and the signal power for the gain profile measurement are 50 mW and
- 40 dBm, respectively.

As can be seen, a gain flattening effect exists in Fiber A in comparison with
non co-doped Fiber C. That is, the gain flattening effect is improved by co-
doping La ions. The biggest gain flattening effect was obtained in Fiber B
(A1203 co-doping). The gain peak at 1.535 pum is shifted to 1.531 um and that
at 1.552 um is considerably flattened in comparison to Fiber C( No co-doping).
- 3 dB gain bandwidths for Fibres A, B, and C at around 1.535 um are 3.3, 5.6,
and 2.9 nm, respectively, and those at around 1.552 pm are 8.8, 23.5, and 5.1
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nm, respectively. The gain peak shift at 1.552 pm for Fiber A is 0.5~1 nm
compared with the gain peak for Fiber C. To evaluate the effectiveness of the
gain flattening in the 1.552 um band, the gain difference between 1.542 pm
(gain bottom) and 1.552 pm (gain peak) in each fiber was compared. The gain
differences for Fibres A, B, and C are 8.5, 3.5, and 14.7 dB, respectively.
Furthermore, the gain at 1.541 pm (gain bottom) for Fiber A is clearly higher
than that for Fiber C, which means that a moderate gain flatness effect exists
due to the co-doping of La ions.

Fluorescence curves for Fibres A, B, and C are also measured to make sure
the above-mentioned results. As seen in Fig. 4, the wavelength dependence
of the gain characteristics completely reflects these fluorescence profiles.

We have also investigated gain characteristics for a La co-doped EDFA with
a La concentration of 2000 ppm, in which a gain as high as 43 dB was obtained
at 1.535 um for a pump power of 92 mW. The relative refractive-index
difference, the cut-off wavelength, and the modefield diameter are 1.02 %,
1.33 pm, and 5.8 um, respectively. The erbium concentration and the fiber
length are 100 ppm and 100 m, respectively. For a signal wavelength of 1.552
um, the output power exceeds + 10 mW.

These results indicate that co-doping of La ions into erbium fibers is one of
the alternative approaches for improving the EDFA gain characteristics The
authors would like to express their thanks to Drs. S. Shimada and H. Ishio for
their encouragement.
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Summary

The recent rapid development of Erbium doped fibre amplifiers with high gains,
high saturation powers and low noise figures [1,2) has deflected the attention of
system engineers from the older semiconductor technology [3] and it is thus now
hard to find new published papers which use semiconductor amplifiers in a
system context. Device development has not ceased however [4] and the
performance of semiconductor amplifiers has improved considerably. In addition
there arc important applications for which doped fibre amplifiers are not suitable
at present e.g. at 1.3 pm, and others for which they will never bc suitable, e.g. as
fast optical switches. This presentation attempts to review these possibilities for
future practical application of semiconductor optical amplifiers in the light of the
recent developments of the technology. |

The most obvious immediate application for optical amplifiers is as linear gain
blocks in optical telecommunications systems. Amplificrs are already competitive
with conventional regenerators on cost and are even more competitive when
deployment of WDM is considered. If the system operates at 1.53-6um the
characteristics of Erbium doped fibre amplifiers are supcrior to those of
semiconductor amplifiecrs in many respects and are likely to remain so, thus it is
not likely that secmiconductor amplifiers will be used as linear gain blocks in the
1.5um window. At present, however most telecom systems operate at 1.3um, and
for a varielty of reasons (fibre/connector transparency, dispersion etc.) this
situation is likely to continuc for at least the next ten years (till existing fibre
plant is replaced). The immediate requirement is thus for optical amplifiers
operating at 1.3pm. Whilst it is true that recent developments using
Pracsodymium doped Flouride fibre {5] are very promising for this application,
the tcchnology is extremely immature and it is not clear whether similar
technical advantages to those of Erbium doped silica will be realised, or whether
the amplifiers will prove to be limited by issues such as splice loss and fibre
fragility. Either way it will take another 5 years or so to find out. We are thus left
with thc scmiconductor amplifier as the only alternative in the short term and
possibly still the best alternative in the long term. 1 will describe how a practical
amplificr can be made for immediate application using high saturation power
MQW amplificrs. This device, which is based on previous work (6], has a gain of >
30 dB, a polarisation sensitivity of ~1 dB and a saturated output power of 10-100
mW. The projected cost is less than £10k and the predicted reliability is >50000
hours.

Pcrhaps a morc promising future role for semiconductor optical amplifiers is as
fast optical switches. There is a potential requirement for broadband circuit
switches in futurc tclecommunications networks. Such a switch could be used for
call sct-up or routc protcction and a switching time of ~us would be required. It
may prove most cffective to meet this requirement using an optical switch.
Optical amplifiers would be ideal since only a single clement is required to
provide switching without introducing losses. However, since the recombination
time of doped fibre amplifiers is ~ms they are too slow to mect the performance
specifications for a broadband circuit switch in a telecommunications network
(~10 us). Scmiconductor optical amplifiers, on the other hand are casily fast
cnough (switching time ~ns [7]) to meet even an enourmously improved
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performance specification. In addition they are integrable into large arrays. An
example is the 16 x 16 switch recently developed by Ericsson [8]. Assuming it is
possible to develop larger arrays (at least 64 x64) and these prove cheaper than
combining Erbium doped fibre amplifiers with liquid crystal arrays,
semiconductor optical amplifiers could be used for this type of application within
10 years.

The most exciting future role for semiconductor amplifiers is in applications
requiring all optical processing, e¢.g. delay free routing, timing extraction from
broadband signals and wavelength conversion. There have recently been a
number of publications describing the use of optical amplifiers (in particular a
derivative with two electrical contacts rather than the usual one) for this type of
application [9-12] and the work seems extremely promising. Recent results will
be presented and discussed in detail.

To conclude; Although Erbium doped fibre amplifiers are superior in many
respects to semiconductor optical amplifiers there remains a great deal of scope
for future application of the semiconductor technology, particularly in non-
linear optical devices.
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NEW LASER STRUCTURE FOR POLARIZATION INSENSITIVE
SEMICONDUCTOR AMPLIFIER WITH LOW CURRENT CONSUMPTION
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F. LEBLOND, G. MICHAUD, M. MONNOT, B. FERNIER

ALCATEL ALSTHOM RECHERCHE - Route de Nozay - 91460 MARCOUSSIS (France)

INTRODUCTION : Due to their low current consumption and their intrinsic simplicity
polarization insensitive semiconductor navelling wave amplifiers (TWA ) are very attractive
components for long haul non regenerated fiber transmissions systems. It appears up to
now that only buried stripe with width less than one micron has enabled to obtain high gain
and polarization insensitivity for low bias current (1 - 4]. However realization of such
narrow stripe leads to poor reproducibility in case of conventional laser structure. We have
investigated a new structure, called modified double channel planar buried heterostructure
(MDCPBH), which allows to process very narrow stripe with much better reproducibility
than previously obtained.

Recently high fiber to fiber gain and low polarization sensitivity have been published [4]
using buried window structure but for current higher than 150 mA and it was necessary to
use bulk optics for packaging. MDCPBH structure with small area square active stripe
section and TiO9/Si0» two layers coating has enabled to achieve simultaneously for TE and
TM modes reflectivities as low as 10-4 and reproducible fiber to fiber gains higher than
14 dB using lensed fiber for bias current lower than 100 mA.

DEVICE STRUCTURE : The structure is similar to those of double channel buried
heterostructure (DCPBH) but doesn't include any blocking layer in order to diminish the
number of critical steps in the process. Two additive lateral channel are used for leakage
current reduction. Since it is based on poor selectivity between mesa and lateral channels,
LPE regrowth of blocking layers is extremely critical in case of stripe narrower than one
micron width and leads to poor reproducibility. So unselective regrowth of p doped InP
makes the process much more easier and thus more suited to amplifier realization than
conventional DCPBH or BH process are. In addition angled buried window [3] can be
easily realized with MDCPBH structure. Basic heterostructures are grown by gas source
molecular beam epitaxy (GSMBE) which allows very good control of InGaAsP active layer
thickness. Lasers with nearly square active layer section as shown on figure 1 have been
processed on several wafers.

Ti02/8i02 two layers coatings are used for facet coating with step by step in-situ
monitoring[5}

RESULTS AND DISCUSSION : Nearly square active stripe sections with 0.45 and
0.3 micron active layer thickness basic heterostructure have been processed and
characterized before and after antireflection coatings. Laser characteristics obtained for the
smaller active stripe section size (0.3 um) are surprisingly good and remarkably
homogeneous. Figure 2 shows continuous threshold current as low as 15 mA and power
more than 15 mW for 400 um length. Owing to the simplified regrowth process 56 percent
of the cleaved lasers have pulsed threshold current below 40 mA. Average pulsed threshold
current of 23 mA with only 2 mA standard deviation measured over 120 Jasers 600 um
length clearly shows the high level of homogeneity that MDCPBH structure can provide
(figure 3). As expected from nearly square active sections, circular far field pattems (figure
4) are observed and clearly show the influence of active section size over the beam output
divergence value: 0.45 um square section exhibits half maximum divergence more than
60 degrees leading to poor fiber coupling efficiency (9%1 dB / facet) whereas 0.3 um
square section exhibits values about 35 degrees leading to better fiber coupling efficiency
(5.310.5 dB / facet). This last value corresponds to common values for laser with standard
active layer thickness.
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Gain and reflectivity are measured after coating using injection technique and tunable source
already described in ref [6]. Reflectivity as low as 10-4 for both TE and TM polarizations
have been obtained with TiO»/Si0; coating on square active stripe laser for both 0.45 um

(figure 5) and 0.3 pm (figure 6) square size. Reflectivities below 104 are obtained on both
TE and TM modes over a 30 nm spectral range for (0.3 um structure and correspond to
system requirements. Average internal gains up to 25 dB with 1 dB polarization sensitivity
have been measured at 1.55 um on amplifier with 0.3 pm square section for bias current in
the range of 63/80 mA whereas gains between 25 and 30 dB with 1 dB polarization
sen.itivity are obtained with 0.45 pm square section for bias current up to 120 mA. This

gain difference can be attributed to the significantly smaller modal confinement factor (I" ~

0.2) for 0.3 square section compared to those of 0.45 um square section (I" ~ 0.5). Notice
that TM gain is slightly higher than TE gain for each structure. This behaviour has been
observed for each component tested and cannot be attributed to active layer structure
because it is found independent of bias current. This is probably due to residual stress
induced by combination of dielectric film and two additive lateral channels used for current
confinement. This effect is expected to be reduced in the future.

Fiber to fiber gain up to 18.5 dB has been measured using bulk optic at only 100 mA bias
current which is two times lower than previously published [4]. Average coupling
efficiency of 5.3 £ 0.5 dB with minimum value up to 4 dB has been measured over
20 amplifiers using bulk optics. Several packaged modules have been realized using lensed
fiber. Typical characteristics are 14 dB fiber to fiber gain with 2 dB gain ripple and 2 dB
polarization sensitivities for less than 100 mA bias current. Three of them have been
successfully inserted with no penality in 2.3 Gbit optical link with 10 dB minimum practical
gain and no polarisation controller [7].

CONCLUSION : A new MDCPBH structure has been investigated and has enabled us
to realize a large number of TWAs with very narrow stripe (< 0.5 um). Using TiO,/Si02
antireflection coating the reflectivity is below< 104 leading to low polarization sensitivity
(< 1 dB) and a high gain (> 25 dB) for low current consumption (< 100 mA).
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STRAINED LAYER QUANTUM WELL SEMICONDUCTOR
OPTICAL AMPLIFIERS: POLARIZATION INSENSITIVE
AMPLIFICATION
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R&D Group, Oki Electric Industry Co., Ltd., Higashiasakawa, Hachioji Tokyo 193,
Japan

Polarization insensitive optical amplification was demonstrated in newly
developed semiconductor optical amplifiers which have strained
GalnAsP quantum well structures. We tailored the active region of the
quaternary strained layer quantum well structure with small biaxially
tensile strain of 0.2% in the well layers for polarization insensitive

operation.

1. Introduction

Optical amplifiers are important devices for future optical fiber transmission and
other photonic technologies. Semiconductor laser amplifiers are attractive candidates
for these applications because of theirs high gain, compactness, possibility of
integration with light source and so on. In comparison with fiber amplifiers such as
Er*-doped fibers, the semiconductor laser amplifiers have a disadvantage which is
large difference between TE and TM gain. Therefore, to control the TE/TM mode gain
is a key item in the development of semiconductor amplifiers. For polarization
insensitive amplification in the semiconductor laser amplifier, several approaches have
been proposed by geometric designing of active layers. [1-3] In this paper, we
describe an approach to the polarization insensitive optical amplifier in which active
layer consisted of GalnAsP multiple quantum well structures with biaxially tensile
strains within well layers. A group has reported a strained layer quantum well amplifier
with tensed barriers. [4] In this work, we investigated the effects of biaxially tensile
strain on amplification in the quaternary strained quantum well amplifiers. The
polarization insensitive amplification was successfully demonstrated. ~

2.Device Structure and Fabrication

In the view points of material design, TE and TM modes can be controlled by
modulating the valence band structures, because the optical transition processes related
to the TE and the TM mode are governed heavy and light hole bands in III-V materials,
respectively. The TE and the TM gain are based on the transition probability of electron
-to-heavy hole and electron-to-light hole. in unstrained quantum well structure, the
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heavy hole mass and the undegenerated band structure cause the TE mode dominant
amplification. When the biaxially tensile strain is applying on the well layer, the light
hole band lifts up in the potential and then the TM gain is enhanced

A device structure is shown in Figure 1. Buried heterostructures were grown on
(001)-oriented InP substrates by 3-step MOVPE growth. The active layers were made
of strained quantum well structures in which five InGaAsP (0.95 eV) wells and six
InGaAsP (0.77 eV) barriers, which were sandwiched by InGaAsP (1.1 eV)
confinement layers. [S] Throughout this work, band gap energies of InGaAsP of the
well, barrier, and confinement layers were kept at constant. The tensile strain in the
well layers was varied by only changing the composition of InGaAsP. The quaternary
materials would be suitable and attractive for the flexible design in the materials. The
device length and cavity width were 350 and 1.5 pm, respectively. The cleaved facets
were coated with anti-reflection films of SiOx.

3. Characteristics

Amplified spontaneous emission (ASE) spectra were measured with the amplifiers
by varying tensile strain up to 0.4 % The ASE spectra of TE and TM mode at a
biaxially tensile strain of 0.2 % for a driving current of 100 mA are shown in Fig. 2.
Fuli widths of half maximum (FWHMs) of ASE spectra are about 80nm for TE and
60nm for TM modes. The emission intensities of TE and TM modes are much the
same around 1.45um. From this result, it is expected to be the polarization insensitive
operation. At a biaxially tensile strain of 0.4 %, we observed an enhancement of the
TM mode, while the TE mode emission was dominate in the conventional (no strain)
quantum well amplifier. The enhancement of the TM mode can be explained by valence
band modulation around the zone center (k=0) by the tensile strain.

The signal gains of TE and TM modes were measured as a function of driving
current. The signal light at a wavelength of 1.4573um and 1.4562um was coupled into
the amplifiers using fiber optics. Both a A/2 plate and a polarizer were used to adjust
the TE and the TM modes. The measured signal gain characteristics of the amplifiers
are shown in Fig. 3. The TM mode gain increased with increase of the tensile strain.
The polarizaion insensitive operation was successfully obtained at the strain of 0.2 %
until the driving current of 90 mA. The TE mode gain saturated above 90 mA, whereas
the TE mode increased. More gains under polarization insensitive condition will be
expected by optimizing the device parameters such as ultra-low anti-reflection coatings,
longer cavity lengths, and efficient current confinement within the the active layers.
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4. Conclusion

Polarization insensitive optical amplification was successfully demonstrated on the
semiconductor amplifiers with the active region of tailored strained layer quantum well
structure. Gains of TM mode were enhanced with increase in biaxially tensile strain
within well layer. When the strain was 0.2 %, the gain of the TM mode was
completcly same as that of the TE modes. We would like to pronounce that the
quaternary InGaAsP strained layer quantum well structures with the biaxially tensile
strain within well layer will be attractive for the polarization insensitive optical

amplification, although details in amplification should be studied.
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System Limitations for Fiber Amplifier Cascades
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1. / System Performance and Amplifier Performance

The performance of an amplifier cascade system is taken to be the product of
transmission bit rate, B, and transmission distance, L. In amplifier cascade systems
using the IM/DD scheme, signal spontaneous beat noise, spontaneous-spontaneous
beat noise and shot noise are present in addition to receiver thermal noise, while local
oscillator shot noise and local oscillator-spontaneous beat noise are additional factors
in coherent systems. Signal-spontaneous and spontaneous-spontaneous beat noises
generally predominate in IM/DD systems if many cascaded amplifiers are used.
Conversely, in coherent systems, local oscillator-spontaneous beat noise
predominates. In such cases, system performance is approximated by

BXL= fmod(SNR- 1) X (Pg/NF), (1)

where £ 4(SNR, /) is a function of required SNR and amplifier spacing, / depending
on the mod/demod scheme, Pg is the amplifier output power, and NF is the amplifier

noise figure. Therefore, the system performance depends on amplifier spacing and
amplifier performance given as P/NF. As the spacing decreases and/or amplifier

performance increases, system performance increases. However, it is limited by four
conditions: (i) Fiber dispersion, (ii) Amplifier performance, (iii) Noise accumulation, and
(iv) No cascaded amplifier~These limits are plotted in Fig.1.

In order to achieve required system performance within the allowable region, the
relationship between repeater spacing and amplifier performance should be optimized
from a system cost viewpoint.

2. Fiber Dispersion Limit

Waveform distortion due to fiber dispersion is a serious problem in a cascaded
amplifier system because the optical signal is transmitted without regeneration over a
long distance. The limit of BXL depends on the mod/demod scheme, and the
maximum B XL is achieved by IM/DD. The limit could be greater increased by using
delay equalization in an IF band with heterodyne detection as shown in Fig.2. An FSK
modulation/heterodyne detection system with IF delay equalization would be superior

92-17334
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below ~10 Gbit/s to optical soliton transmission. Experimental data are also shown in
the figure. Recirculating transmission experiments [1],12] for an IM/DD system and
soliton transmission experiments [3] closely approached very near to the respective
limits. On the other hand, ample margins remained in long span transmission
experiments at 1.2 [4], 2.5 [5] and 10 Gbit/s [6].

An example of observed fiber dispersion is shown in Fig.3. Fibers used in a 2200
km transmission experiment [5] was specified by the zero-dispersion wavelength within
1.556+0.01 x m. Submarine cables with six cores of ~250 km long divided into three
sections, which was recently installed for FS-1.8G submarine repeatered system
connecting between Fukuoka and Hamada, was specified by dispersion coefficients
within +2.5 ps/nm/km from 1.54 to 1.56 . m wavelength. Wavelength dependency of
dispersion coefficients ranged from 0.055 to 0.08 ps/nm/km/nm. A number of fibers with
dispersion coefficients within +0.5 ps/nm/km around 1.552 x m were obtained.

3. Amplifier Performance Limit

Available amplifier output power is limited by the maximum allowable fiber input
power, which depends on modulation scheme and speed. For example, it is 20 dBm
for CPFSK, and 13 dBm for IM at 2.5 Gbit/s. The limit of net PS/NF is 17 dBm, and 10

dBm, respectively [7]. The performance measured in a 2200 km transmission
experiment is shown as an example in Fig.4. In the high P region, NF was degraded.

The maximum net PS/NF was 0 dBm.

Optical amplifiers are constructed with optical components such as couplers,
isolators, filters, and so on. In addition, optical components for a supervisory and an
APC circuit are needed to realize a practical system. Insertion loss of these
components degrades the net P /NF mentioned above. Amplifier performance should

be evaluated by the overall P¢/NF.

4. Noise Accumulation Limit

As amplifier spacing decreases, accumulated noise decreases and more amplifiers
can be cascaded. When the spacing is 0 km, although it is not realistic, the maximum
B XL is achieved as shown in Fig.5. The wide width, Bopt, of the ASE noise rejection
filter lowers B XL in an IM/DD system, while the broad spectrum, & v, of the signal and
local lasers does the same in a CPFSK/heterodyne system. BXL with Bopt/B =100 is

about 50 % of BXL with B,/B = 1, and BXL with A » /B =10 is about 70 % of B XL

with A v /B = 0. However, the noise accumulation limit exceeds the typical system
performance of BXL = 105, which means a 10 Gbit/s transoceanic transmission
system. In addition, these limits far exceed the fiber dispersion limits.
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5. Amplifier Spacing
Assuming Bopt/B =100 or A » /B =103, attainable BXL can be calculated as shown

in Fig.6. The achieved bit error rate at the receiver is 10-1! with a 6 dB margin. Limiting
conditions are as follows: @O Fiber dispersion limit is given at 5 Gbit/s for an IM/DD
system, and at 10 Gbit/s for a CPFSK/heterodyne system. Those bit rates correspond
to the maximum available speed for a transoceanic transmission system, respectively.
@ Amplifier performance limit is P¢/NF = 5 dBm and is an optimistic estimation. ©)

Amplifier spacing should be longer than ~ 40 km from a system cost reduction
viewpoint. This spacing corresponds to the repeater spacing of 1.3 x m wavelength
transoceanic transmission systems now in commercial use.

A CPFSK/heterodyne system can achieve the required B XL at an amplifier spacing
which is longer by about 20 km than an IM/DD system. This value is due to the fact that
CPFSK/heterodyne receiver sensitivity is intrinsically higher by about 3 dB than IM/DD
receiver sensitivity. The difference of 20 km may be important from a system cost
reduction viewpoint.

The relationship between B XL and P (/NF was experimentally obtained as shown in

Fig.7. The experimental system was a 2.5 Gbit/'s CPFSK/heterodyne system with an
amplifier spacing of 80 km. The two estimated points around P¢/NF = -8 dBm were

determined by allowing for the measured SNR and a bit error rate of at least 101!
assured after 2200 km transmission. The observed performance agrees quite well with
the calculated performance, although some unidentified degradation is noticed.

Muiti-gigabit/s transoceanic transmission systems can be realized by cascading
amplifiers of P¢/NF = 0 dBm with ~ 80 km spacing and possibly by applying

CPFSK/heterodyne technology.
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Erbium-Doped Fiber Amplifier Spectral Behavior
In Transoceanic Links
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1. INTRODUCTION

Some experiments have already been presented for long haul transmission using in-line
Erbium-Doped Fiber Amplifiers (EDFA) [1,2]. However, the question is to determine the actual
system limitations for transoceanic links (up to 10,000 km), such as EDFA maximum output
power, amplifier spacing, optical filter design. Some theoretical [3] and experimental [4] works
have been published mainly with a recirculating loop.

A specific problem is to predict the evolution of signal and Amplified Spontaneous Emission
(ASE) powers along the link. To our knowledge, the calculations published so far have assumed
that an optical filter was set after each amplifier. In this case, the cascaded EDFA behavior can be
described by scalar values without spectral dependence, and an analytical calculation is possible.

In order to predict the cascaded EDFA behavior in a more general case, spectral characteristics
have to be considered, especially if there is no optical filter after each amplifier. The subject of this
paper is to examine these specific aspects without taking into account the dispersive and non linear
effects. Calculations for very long links are presented along with an experimental validation of the
modeling.

2. MODELING VALIDATION AND AUTO-FILTERING DEMONSTRATION

By using an efficient theoretical modeling of the complete EDFA behavior [5], the output
spectrum is obtained as a function of the input spectrum, including ASE and signal powers
outcoming from the previous amplifiers. For our purpose, an active fiber with a Si02/A1203/GeO2
matrix was used both for calculations and experiments. The other parameters are a 2.6 yum core
diameter, a 2 % relative index difference and a 3 dB/m absorption peak value.

Some general evolutions of ASE and signal power have been observed with the modeling.
Then, in order to validate these results, an experimental set-up has been especially designed.

Fig. 1 presents the experiment with ten amplifiers. For each EDFA, the erbium-doped fiber
length is 25 m and the pump wavelength is close to 1475 nm. An optical isolator is inserted at each
output end to suppress the counterpropagating ASE from the following EDFA. The variable
attenuator takes the place of the link fiber with a loss A. The tunable source is modulated at
20 kHz and allows to choose the signal wavelength. Just after a 1 nm bandwidth filter, the
receiver includes a lock-in amplifier to discriminate the signal from the ASE noise. The optical
spectra are recorded by an optical spectrum analyzer placed before the optical filter.

The main observed spectral phenomenon is auto-filtering occuring at various wavelengths
related to the EDFA configuration. Fig. 2 illustrates the output spectrum obtained with a signal
wavelength at 1533 nm. The launched pump power Pp is high relatively to the erbium-doped fiber
length so that the signal wavelength is in a spectral domain where the EDFA power grows up
naturally. Then the ASE peak increases at this wavelength without strongly reducing the signal
which nearly benefits from the same gain. Because of the saturated amplifiers auto-regulation, the
total output power converges to an equilibrium value. After this stabilization, there is no more
energy spectral fluctuations,which demonstrates auto-filtering effects.

As shown in Fig. 3, the same auto-filtering phenomenon can be obtained around 1558 nm if
the pump power is relatively low. The EDFA configuration allows to avoid the 1533 nm peak
appearance by favouring the 1558 nm peak.
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If the signal is placed around 1550 nm, the auto-filtering does not profit o signal. One of the
peak at 1533 or 1558 nm increases as shown in Fig. 4 and our simulations show that after a large
number of amplifiers, the signal power will quickly decay contrary to the previous cases.

Agreement between theory and experiment is quite good. For example, Fig. 5 gives the
simulated output spectrum after ten amplifiers in the case of auto-filtering at 1533 nm. Fig. 6
shows the evolution of output signal power (Ps) and ASE power per nm below the signal (NASE)
in the case of auto-filtering at 1558 nm. The difference between the total power after the filter, and
the signal power detected by the lock-in amplifier was below the measurement accuracy,
confirming that NASE was far below Ps.

3. APPLICATION TO LONG HAUL LINKS

Confident of this modeling, calculations were made for very long haul transmissions with
identical co-pumped EDFA. The criterion used to assess the signal to noise ratio quality of the link
was the ratio B between the signal power and the ASE power through an optical filter in reception.
When the beat noises are dominant, the BER can be directly related to this ratio 8. For example, at
a 2.5 Gb/s data rate, with an infinite extinction ratio, a 1 nm filter bandwidth in reception and a

BER floor equal to 10-13, the 8 value is 1.28 [3].

Fig. 7 and 8 demonstrate respectively the auto-filtering at 1533 and 1558 nm. Fig. 9 describes
the evolution of Ps, Nase, and of the total output power Pt in the case of auto-filtering at 1533 nm.
The signal power decreases slightly after each amplifier due to the ASE addition, the total output
power remaining constant. Fig. 10 represents a different configuration with the signal at 1550 nm
and a quasi-rectangular filter of 5.5 nm width at the output end of each EDFA. The power
evolution is the same in both cases of auto-filtering or optical filtering. In all these cases, the B
obtained values lead to very low BER floor. Moreover, the equilibrium output powers are realistic
from the point of view of dispersive and non linear effect limitations and the required launched
pump powers are below 12 mW.

4. CONCLUSION

This work shows that a spectral treatment of the EDFA behavior is necessary to predict the
evolution of signal and ASE powers in all possible cases. This evolution strongly depends on the
relation between the EDFA configuration and the signal wavelength. For a Si02/A1203/GeO2
matrix, a demonstration of realistic transoceanic links using auto-filtering has been made at
1533 nm and 1558 nm. For the same matrix, no reaustic configuration could be found with a
signal wavelength at 1550 nm without adding optical filters. The solution choice will be conducted
by system requirements, such as link fiber design, supervision facilities and multiplexing
possibility. Calculations are in progress to study more cases such as contra-pumped or non-
identical amplifiers, insertion of an optical filter after every n EDFA, use of other erbium-doped
fiber matrices.
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SUMMARY

Introduction

In the future optical transmission systems, it is likely that Erbium doped fiber optical
amplifiers will replace present electrical regenerators. Both experimental studies (1, 2) and
computer simulations (3-5) have investigated the feasability of non-regenerated optical long
haul systems. A considerable number of parameters are determining the overall performances of
the transmission link. In this paper, we report on theoritical studies carried out using numerical
simulations in order to investigate the limits of such systems. We have considered both cases of
5 Gbiv/s and 10 Gbit/s ransmission. The theoretical limit value of the amphﬁer spacing, as

imposed by group velocity dispersion (GVD), self phase modulation (SPM) and accumulatcd
amplified spontaneous emission (ASE) has been evaluated.

System_parameters

We consider here the case of an optical link, based on intensity modulation and direct
detection over 9000 km using dispersion shifted fiber with periodical optical amplification. The
wavelength of the transmitter is choosen so as to be in the normal dispersion domain (negative
dispersion). The simulations of the propagation in the fiber link are taking into account
attenuation (0,2 dB / km), dispersion and Kerr nonlinearity (4) and is based on the resolution of

the nonlinear Schrédinger equation.The Kerr constant is 2,67 10-20 m 2/W and the fiber mode

field radius is 4um.

The total output power of each amplifier is kept at a constant level by using an automatic
gain control loop (7). ASE is added to the amplified signal at each amplifier. The spontaneous
emission noise factor (nsp) is taken as ngp=1.5. An in-line filter is used at the output of the
amplifiers in order to ncject most of the ASE noise.

At the transmitier, a repetitive pattern of 16 bits (0011100110101010) is launched at the
input of the fiber (4) . The receiver is composed of a narrow-band optical filter, a quadratic
detection (modeling an ideal photodiode) and an electrical low-pass second order Butterworth
filter (bandwidth: 0,65 * Bit rate).

Limi he bi lue to dispersi

In a first step, we only took into account the limitations imposed by linear dispersion
(d). Figure 1 shows the eye opening penalty at the receiver as a function of dispersion for two
values of the bit rate BR (10 Gb/s and 5 Gb/s). These results have been found in complete
agreement with those of ref. (3), which allowed us to check the validity of our model and the
choice of the bit pattern sequence. For BR = 10 Gb/s, an important increase of the penalty
appears when d > 0,15 ps/am.km. Considering that the actual fluctuations of the dispersion of
real fiber sections are in the range of 1 ps/nm.km (9), we deliberately exclude the single channel
transmission at 10 Gb/s. Thus we have evaluated limits due to GVD, SPM and ASE for a bit
rate of 5Gbiy/s only.

Limi I i ffect

In a second step, we have introduced the contribution of the Kerr nonlinearity.
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It is well known that the nonlinear phase-shift ®NL due to SPM is proportional to the
integrated optical power along the fiber

On=Y-Po(1-exp(-az))/a

where v contains the nonlinear Kerr index, Pg is the initial power , « the linear loss and z the
distance along the fiber (6). We now define the average power along a section separating two
amplifiers as:

<P>=P,.(1-exp(-az,))/ oz,
where Pout is the output power of the amplifiers and z, the amplifier spacing.

The combined effect of dispersion and Kerr nonlinearity on the performances of the
transmission link is represented in figure 2. The upper curve shows the calculated eye opening
penalty as a function of the amplifier spacing, ie za, when the output power of the (noiseless)
amplifiers Poyt is kept constant. When the amplifier spacing za increases, <P> decreases and
the nonlinear effect becomes less intense. The lower curve has been drawn the same way,
except that the integrated signal power along a section <P> has been kept constant : it comes
out that the nonlinear penalty now remains almost constant. We thus conclude that, with a good
approximation, the influence of za and Pgyt can be represented by the single parameter <P>,
just as in the case of soliton propagation.

We have then calculated the eye penalty versus <P> for different values of the
dispersion (fig 3). This set of curves can be used to determine, at a given value of the fiber
dispersion, the maximum allowable average power along a section <Pmax> as imposed by the
Kerr non-linearity. For instance, a maximum allowable penalty of 4 dB corresponds to a
maximum average power <Pmax>=-8 dBm. Also, for a given value of the amplifier spacing,
the corresponding maximum output power at each amplifier Pmax can be derived easily.

Limi lifi ine d lified stimulated emissi

In the third step, we have taken into account the amplifier noise (ASE) as well.

We have considered the case where all amplifiers were operated at constant total output
power; as a consequence, the signal power will decrease along the link at the expense of an
increase of ASE (7). Assuming that the system must operate at a nominal value of the bit error
rate (BER), say BER=10‘13, there is a minimum limit value of the ratio between the signal
power at the receiver and the cumulated ASE noise power, and thus, a minimum allowable
value of the total output power at each amplifier Pmin: this value has been calculated, at given
values of the in-line filter bandwidth B, as described in ref (7). The results are shown in figure
4, where Pnmin has been calculated for B=2 nm and B=5 nm.

The maximum limit power Pmax, as defined in §IV, has been superimposed on the
same figure: It corresponds to an average power <Pmax> = -8 dBm.

These two sets of curves (Pmin(B).Pmax) are delimiting the range of values of the
amplifier spacing satisfying both ASE- and SPM-induced constraints: their intersection gives
the absolute maximum limit Zmax of amplifiers spacing .

Overall limits of a 9000-km 5 Gbit/ ) ted -

The last step consists in performing numerical simulations of the transmission over the
fiber link, taking into account GVD, SPM and ASE. The total output power at each
amplifier, Poyt, has been taken equal to Pmin(za ), as defined in §V, when z3 (amplifier
spacing) is smaller than Zmax. Considering the random nature of the noise, we have performed
a number of simulations of the propagation with ASE in order to obtain statistical results : the
average behaviour has been summarised in figure S.

The upper curve shows the average eye opening penalty as a function of the amplifier
spacing, for a 2 nm filter bandwidth B (corresponding to Z max=70 km). In comparison, the
lower curve shows the penalty resulting only from the ASE contribution.

The quasi constant penalty (about 2,5 dB) when only ASE is taken into account can be
associated to a value of the bit error rate equal to 10-13. We can thus evaluate the
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supplementary penalty introduced by all other effects during the propagation : from 2,5 dB for
23 = 30 km to 3,5 dB for zz =70 km.

Conclusion

Using a step-by-step approach, we have investigated the limitations imposed by normal
dispersion, Kerr Nonlinearity and amplifier noise in a 9000-km non-regenerated transmission
system. Our results suggest that :

- 10 Gbit/s single channel does not seem to be feasible,

- 5 Gbit/s transmission can be theoretically envisaged with amplifier spacings smaller
than 70 km, at the expense of significant eye opening penalties.

We have shown that the average power over a section separating amplifiers was the
most useful parameter for the evaluation of the impact of fiber nonlinearities on transmission
performances.
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Characteristics of Single-Carrier Fiber-Optic Transmission
Systems using Optical Amplifiers

S.Yamamoto, H.Taga, Y.Yoshida and H Wakabayashi
KDD R&D Laboratories

2-1-15 Ohara Kamifukuoka-shi, Saitama 356, Japan

Introduction

The capability of a very long-distance transmission using
erbium-doped fiber amplifiers (EDFAs) has been demonstrated by
using a circulating loop.[1],[2] In a single-carrier long-distance fiber
transmission system, the signal wavelength will usually be tuned to
the zero dispersion wavelength of the fiber to avoid the pulse
waveform distortion due to chromatic dispersion. It has also been
reported that when the signal wavelength is located exactly at the
zero dispersion wavelength, the mixing of the signal with the
spontaneous emission from the optical amplifiers will produce four-
wave mixing sidebands.[3] However, in the practical systems, the
fiber chromatic dispersion varies along the long transmission path
and may alleviate the effect of the four-wave mixing.[3]

We have investigated the effect of the dispersion variations on
long-distance optical amplifiers transmission by numerical
simulations. The results show that variation of the fiber dispersion
well maintain the signal quality. In addition, this consequence was
confirmed by a circulating loop experiment including the fibers
with +/- 1ps/km/nm dispersion.

Numerical Simulations

The characteristics of optical pulse propagation through optical
fiber with lumped amplifiers was numerically simulated by using
the nonlinear Schrodinger equation.[4] In the simulation, a 16bits
NRZ pulse sequence with a bit rate of 2.5Gbit/s was assumed. The
carrier wavelength and the average power at fiber input power
were assumed to be 1.55um and -3dBm, respectively.

The amplifier spacing was here assumed to be 30km to be
consisted with the experiments. The first order chromatic
dispersion of a 30km length fiber was chosen from Gaussian
distribution with zero mean and the second order chromatic
dispersion was fixed to be 0.08ps/km/nm2. The Kerr coefficient
and the effective area were assumed to be 3.2x10-20m2/W and
50um?2, respectively.

The optical amplifier was assumed to compensate the fiber span
loss having a loss of 0.23dB/km. The amplifier population
inversion factor ngp, and noise bandwidth were assumed to be 2.3
and 640GHz, respectively. To avoid the accumulation of amplifier
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spontaneous emission, an optical filter with a bandwidth of SO0GHz
was inserted after each amplifier.

Fig.1 shows the simulated eye diagrams after 9000km
transmission for the standard deviations of dispersion of 0, 0.5 and
I1ps/km/nm.  Fig.2 shows the optical power spectrum for each
corresponding eye. The results show that when the deviation is
zero, the signal energy is broadened by the four wave mixing
generated between the signal and the amplifier spontaneous
emission. On the other hand, it is suggested that the variation of
fiber dispersion suppress the spectrum broadening. In addition,
although the large deviation of fiber dispersion is expected to
distort the pulse waveform together with fiber nonlinearity, it is
found that the eye diagram is still open.

EXPERIMENT

To confirm the feasibility of long-distance transmission with
large deviation of fiber dispersion, a circulating loop experiment
was carried out. The loop consisted of four EDFAs and three 30km
fiber spans as shown in Fig.3. The chromatic dispersions of each
fiber span were chosen to be +1ps/km/nm, Ops/km/mm and -1
ps/km/nm, respectively. The DFB laser was tuned to the average
zero dispersion wavelength of 1.550um and intensity modulated
with 2.5Gbit/s 2!1-1 NRZ signal by a LiNbO3 Mach-Zehender
modulator. The signal was recirculated in the fiber loop. Fig.4
shows the bit error rate versus the propagation distance. The bit
error rate of less thanl0-? was successfully obtained at 9000km.

CONCLUSION

We have shown that the variation of fiber dispersion is effective
to avoid the effect of the four-wave mixing in the long-distance
transmission around zero dispersion. Next the possibility of long-
distance transmission over fibers with large deviation of dispersion
was presented by the circulating loop.

However, we could not demonstrate the experimental
confirmation of the phase matched four-wave mixing. Therefore
the further investigation of the characteristics of the transmission
around zero dispersion will be remained as the future works.
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Bit-Error-Rate Measurements of a Multi-Thousand-Kilometer
Fiber-Amplifier Transmission System Using a Circulating Loop.

Neal S. Bergano, Jennifer Aspell, C. R. Davidson,
P. R. Trischitta, B. M. Nyman and F. W. Kerfoot

AT&T Bell Laboratories
Crawfords Corner Road
Holmdel, New Jersey 07733

INTRODUCTION - Recently, we reported the results of a 2.4 Gb/s and 5 Gb/s feasibility
demonstration of long distance erbium-doped fiber amplifier (EDFA) transmlssuon
systems using a circulating loop.l"! The significance of this experiment was threefold.
First, it demonstrated that high bit rate all-optical EDFA transmission systems are
capable of achieving transoceanic distances. Second, it demonstrated a new
measurement technique in which bit-error-rate (BER) is measured in a circulating loop.
And, third, it achieved a new record in bit rate distance products.

In this paper, we expand on the previously reported results by giving details of the
experiment along with new transmission results. At 2.4 Gb/s and 9000 km, we have
found that the transmitter's wavelength could be tuned over a 2 nm region while
maintaining low BER. In addition, at 2.4 Gb/s we have measured a BER of 10~° at
16,000 km, using a transmitter with direct laser modulation.

EXPERIMENT - A block diagram of the experiment and a timing diagram are shown in
Figure 1. (For a more detailed description of the optics in the loop, see reference 1.)
The basic principles of the circulating loop experiment are as follows. With the
rransmitter switch closed and the loop switch opened ("load state”), an integer number
of data words is launched into the loop, then both switches toggle (“loop state”), thereby
allowing the data to circulate. The data circulates for a specified time, after which the
state of the switches changes again and the experiment repeats. By counting bit errors
made on the N™ pass of data around the loop, BER as a function of received optical
power and transmission length is measured.

Synchronization of the two optical switches and the bit error counter is the key to
performing successful bit error rate measurements. In the experiment, synchronization
is achieved by counting the number of data words transmitted from the bit error rate test
set. The input to the synchronization circuit (the word frame signal) is counted down by
the number of words needed to fill the loop with data (44 for the 2.4 Gb/s experiment),
and the number of revolutions needed in the experiment (74 for 9000 km). The basic
unit of time in the experiment is the round trip-time for the loop, or T = 590 us. As
indicated in the timing diagram in Figure 1, the optical switches are held in the "load”
state for 2t and in the "loop" state for 74t for the 9000 km experiment. The
synchronization circuit also provides an "error gate" signal as a time aperture to count
bit errors that occur only in the final revolution of the experiment.

92-17338
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At any given time, there is an integer number of words in the loop. The relationship
among the clock frequency (f), the loop delay time (1), and the number of words in the
loop (N) is given by:

f = - (1)

where M is the number of bits per word. When the loop was constructed, a coarse
adjustment were made by cutting the fiber to have the appropriate delay time. Then a
fine adjustment is made by changing the clock frequency to meet the condition of
Equation 1.

The BER for long distance transmission is calculated as the number of errors detected
in the error gate period, divided by the total number of bits transmitted during the
observation. The effective duty cycle for the error rate measurement is the ratio of the
error gate duration to the switch cycle time. For the 9000 km experiment, the duty cycle
is 0.9%; therefore, on average, an experiment with a BER of 10~'° counts one error
every 7.5 minutes.

MEASUREMENTS AND RESULTS - We have measured BER vs. transmission
distance at a fixed wavelength (A5g=210), the wavelength dependence on BER at a
fixed distance (9000 km), and, finally, the transmission performance using a directly
modulated DFB laser. For operation at Ao, we have obtained a bit error rate of 10~? at
9000 km for 5 Gb/s and 21,000 km at 2.4 Gb/s (Figure 2).

Figure 3 shows BER vs. wavelength for 2.4 Gb/s transmission at 9000 km. The circles
indicate a measured point, and the arrows indicate an error rate less than 10-'°. The
x-axis is the wavelength offset from the zero dispersion wavelength of the fiber. The
data shows a working window of low error rate of about 2 nm, roughly centered around
the fiber's zero dispersion wavelength. The apparent offset of the low error rate region
of 0.5 nm to the long wavelength side of A4 is not significant because of the uncertainty
of the fiber's average dispersion. The low error rate window, expressed in fiber
dispersion units, extends over a range of £500 ps/nm.

The 2.4 Gb/s experiment has been repeated using a directly modulated laser
transmitter. An AT&T CMBH DFB laser®! is directly modulated in a 50Q strip-line
package, using a modulation current of 10 mA, and a zero state current at the laser's
threshold. All other parameters of the experiment are similar to those listed in
reference 1. The BER vs. distance (Figure 2) for direct modulation intersects the 10~°
point at 16,000 km, and has a slope similar to the external modulated source. The low
error rate operation at long distances is probably due to the low fiber dispersion over the
spectral width of the chirped laser.

CONCLUSIONS - The circulating loop experiment has proven its usefulness in the
development of long distance optical amplifier transmission systems. We have
demonstrated the importance of operating close to the dispersion minimum of the
transmission fiber. In addition, we have demonstrated low error rate over long
distances using a directly modulated laser transmitter.

ACKNOWLEDGEMENTS - We thank P. K. Runge for his enthusiastic support. We
also thank D. Marcuse, R. Kimball, and S. Evangelides for enlightening discussions of
optical propagation modeling.
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ULTRALONG DISTANCE SOLITON TRANSMISSION
USING ERBIUM FIBER AMPLIFIERS

L. F. Mollenauer
Rm 4C-306
AT&T Bell Laboratories
Holmdel, NJ 07733

Summary

Long distance transmission using a chain of optical amplifiers is potentially much
cheaper and faster than with conventional electronic regenerators. Erbium doped fiber
amplifiers, with their low pump-power requirements, lack of pulse chirping, indepen-
dence of gain on polarization, built in automatic gain control, and perfect compatibility
with transmission fibers, have done much to make this “all-optical” approach truly practi-
cal. It can be shown, however, that the full capacity of such a system can be realized only
by using solitons.

Solitons can be transmitted perfectly well through a chain of low gain amplifiers
and dispersion shifted fiber segments, as long as the characteristic dispersion distance,
(2/m)zg, is great enough with respect to the amplifier spacing [1]. For such transmis-
sion, it is necessary only to make the path-average power over each amplification period
equal to the usual soliton power in lossless fiber. We have verified this point experimen-
tally {2,3] over paths as great as 12,000 km and at pulse rates to 2.5 Gbits/s by using the
recirculating loop shown in Fig. 1. In all cases, broadening of the ~50 ps pulse train can
be explained almost entirely by a modest jitter in pulse arrival times from the Gordon-
Haus effect [4]; furthermore, at about 5000 or 6000 km, the pulse shapes look more
nearly text book perfect than they do at the beginning. /Thus there is no significant
broadening or other distortion of the individual pulses. Our experiments [2] have also
shown no significant interaction between soliton pairs spaced 5 or more pulse widths
apart, and a complete absence of the long distance interaction discovered earlier in exper-
iments using high dispersion fiber [5].
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Fig. 1: Schematic of the recirculating loop. The 25 km lengths of AT&T dispersion shifted fiber had
D = 1.38 ps/nm/km, Ag=35 pm?, 0.25 dB/km loss at A, = 1532 nm, and a polarization dispersion
parameter less than 0.2 ps/km!’2. The acousto-optic modulator is used for its ability to reject the signal

pulse stream >80 dB once the loop has been filled.

The ultimate test, however, lies in direct bit error rate measurements. Recently, we
have devised a novel technique to facilitate such measurements in a recirculating loop.
First, with an electro-optic modulator, we impose a 212 pit pseudo random word, fol-
lowed by its logical complement, onto the stream of pulses emerging from a mode-
locked external cavity diode laser, and fill the loop with that repeated pattern. We then
split the loop output into two parts, delay one part by exactly one word length, and then
detect and regenerate each part. The two sets of complementary, regenerated data are
then compared in an ultrafast exclusive nor gate, whose output goes high only when an
error is present. Finally, those errors corresponding to the final round trip are gated out
with an and gate and sent to a counter. Figure 2 shows the best results we have obtained
to date at 2.5 Gbits/s. Note that we have achieved essentially "error-free” transmission
(error rate S10~10) over 7500 km, the undersea distance between New Jersey and Eng-
land.

b
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Fig. 2: Measured bit error rate for soliton transmission at 2.5 Gbits/s as a function of the total path
traversed.

While that error free distance is a good beginning, it is considerably less than
predicted by the simplest theory [6]. We speculate that the difference can be explained in
terms of a less than 100% amplitude margin of the regenerators, and in terms of excess
noise at the signal frequency created by dispersive wave radiation shed by the initially
imperfect pulses fed into the transmission line. Nevertheless, with improved fiber
Aeg = 50um?2, loss rate 0.21 dB/km, as opposed to the parameters cited above in the
caption to Fig. 1), and with the lower n g, possible with operation at 1550 nm rather than
at 1532 nm, we expect soon to be able to extend error free transmission to well beyond
the trans-Pacific undersea distance of 9000-10000 km.

Finally, we believe that the 2.5 Gbit/s rate can be at least doubled through a novel
technique [7] involving combined polarization and time division multiplexing, as we
have shown, both theoretically and experimentally, that solitons maintain a nearly com-
plete degree of polarization over trans- oceanic distances. Furthermore, the interaction
between adjacent, orthogonally polarized pulses is greatly reduced. That single channel
rate can then be further multiplied by wavelength division multiplexing. That is, we have
shown [8] that the well-known transparency of solitons to each other in collisions can be
maintained, as long as the collision length (the distance solitons of different channels
must travel down the fiber in order to pass through each other) is greater than two or
more times the amplifier spacing.
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SPECTRAL GAIN CROSS SATURATION AND HOLE-BURNING IN WIDEBAND
ERBIUM-DOPED FIBRE AMPLIFIERS
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ABSTRACT Cross saturation characteristics are investigated in broadband 1.48um pumped and
980nm pumped, gain-shaped” EDFAs. "Gain-shaping” is shown to give a more uniform spectral
gain compression on saturation, In addition room temperature spectral gain hole-burning is
observed for the first time.
-

INTRODUCTION One of the major applications of erbium-doped fibre ampliifers (EDFA) is
likely to be in WDM systems!. In this case it is desirable to flatten and maximise the gain
bandwidth of the EDFA. To date two techniques have been employed, either by the use of a
pump wavength of ~ 1.48um combined with careful choice of pump power and fibre length? or
by "gain-shaping”, incorporating an optical filter in the middle of the amplifie’. Applied to
either alumino-silicate, germano-alumino-silicate or ZBLAN* EDFAs results in 3dB gain
bandwidths of ~35nm. In addition it is important to understand and optimise the cross
saturation characteristics of the EDFA. Thus the number of WDM channels can be maximised
whilst the gain penalty for each channel and interchannel crosstalk effects are minimised.>®.

In this paper, we report an efficient, 1.48um diode pumped fibre amplifier. The use of
a germano-alumino-silicate erbium-doped fibre aswell as careful choice of pump power, pump
wavelength and fibre length creates an amplifier characterised by a 25dB gain and 35nm 3dB
bandwidth for only 15mW of pump power. Cross saturation characteristics are investigated for
saturating signals at various wavelengths across the gain band and different pump powers. In
general the gain spectrum decreases non-uniformly, with shorter wavelengths suffering the largest
penalty. In addition saturation characteristics show little dependence on the saturating
wavelength, only small spectral gain hole-burning is observed confirming the near homogeneous
nature of the erbium transition in germano-alumino-silicate glass. Comparison with similar
results for a "gain-shaped”, 980nm pumped EDFA shows this to be a preferable technique
yielding a more uniform decrease in gain spectrum.

EXPERIMENTAL The amplifier consisted of 35m of germano-alumino-silicate erbium-doped
fibre which was characterised by an Er**-doping level of ~160ppm, a NA of 0.2 and A« at
930nm. The signal source was an ELED which allowed measurement of gain spectra between
1.52um and 1.57um. Its power was maintained to be less than 200nW within the gain band of
Er’*, thus ensuring small-signal operation. A further signal from either a DFB-LD or a tunable
external cavity LD was mixed with the probe signal through a 3dB fibre coupler. This large
signal was sufficient to saturate the amplifier and permitted the measurement of spectral gain
under saturated conditions®. Pump light at ~1.485um was obtained from 2 diode lasers. This
was combined with the two signals via a dichroic fibre coupler and injected into the amplifier
fibre. All free fibre ends were angle-polished to suppress optical feedback.

The amplifier output was coupled to a monochromator and detected with lock-in
techniques to allow discrimination of the broad-band (ELED), saturating signals (DFB or tunable
laser) and ASE by virtue of their different modulation frequencies. Output spectra were obtained
for various pump powers, under both small-signal and saturated operation and for several
wavelengths of saturating signal. At the end of experiments, the fibre was cut back and spectrum
of the broad-band (ELED) signa! measured such that the gain spectrum could be obtained.
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Figure 1 Gain spectra of EDFA in small signal
operation for different pump powers at 1485nm.
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RESULTS Figure 1 shows small-signal gain spectra obtained for various pump powers. It can
be seen that a pump power between 15.2 to 17.7mW gives the broadest gain. In the case of a
pump power of 15.2mW a peak gain of 25dB and 3dB bandwidth of 35nm are obtained. This
corresponds to a gain efficiency of ~1.6dB/mW.
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Fig. 2 Gain spectra and corresponding gain compression obtained with a pump power of
17.7mW and increasing saturating signal power at the wavelengths (a) 1529nm, (b)
1432nm, (c) 1538nm and (d) 1556nm.

Figure 2 shows gain spectra and corresponding gain compression obtained with a pump power
of 17.7mW and increasing signal input power at the wavelengths (a) 1529nm, (b) 1532nm, (c)
1538nm and (d) 1556nm. These were selected to correspond to either a peak or dip in the
homogeneous emission profile’ and thus maximise any inhomogeneous effects observed. From
the figure it is clear that for all signal wavelengths the gain spectrum distorts on saturation, with
the shorter signal wavelengths around 1.532um incurring the largest gain compression. This is
undesirable for WDM systems. Also from the figure it can be seen that the gain compression
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curves for different signal wavelengths are similar, thus confirming the homogeneous character
of erbium in germano-alumino-silicate glass.
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Fig.3 Gain spectra and corresponding gain compression for a "gain-shaped" amplifier’ and
with saturating signal at the wavelength of 1529nm.

Figure 3 plots similar data for a "gain-shaped”, 980nm pumped amplifier’. In this case the gain
spectrum decreases more uniformly making it a preferable technique. In addition it may be
possible to further optimise the performance by exact location of the "gain-shaping” filter.
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Figure 4 compares in more detail gain compression data of figure 2. Data is selected for the four
saturating wavelengths and at the same degree of saturation. The differences are subtle with the
saturating signals at 1529, 1532 and 1556nm creating a spectral hole at each of their respective
wavelengths, whilst the signal at 1538nm results in a reduced gain compression at 1532nm. This
is the first observation of room temperature spectral hole-burning in alumina co-doped EDFAs.
However the effect is small, resulting in a less than 1dB change in gain compression across the
gain band and will thus be of little consequence in future WDM systems.
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Fig.5 Gain spectra and corresponding gain compression obtained with a pump power of
15.2mW and increasing saturating signal power at the wavelengths (a) 1530nm and
(b) 1555nm. A shift in the wavelength of maximum gain compression is observed in
curve (a) due to spectral hole burning.
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Figure § shows additional data obtained for a reduced pump power of 15.2mW. In this case the
saturating signal wavelength was (a)1530nm and (b) 1556nm. For the saturating signal at
1556nm we note that the compession data is similar to that presented previously in figure 2(d).
The wavelength of maximum gain compression, 1532nm, is seen to correspond to both the peak
emission and absorption wavelength. However for the saturating signal at 1530nm we note that
for small gain compression the peak compression occurs at 1532nm, whilst at deeper compression
a spectral hole occurs and the peak gain compression occurs at the signal wavelength. In addition
gain compression is relieved around 1538nm, a wavelength corresponding to a midpoint between
Stark components’.

CONCLUSION Either "gain-shaping” and 980nm pumping or 1.48um pumping can be used
to give a broad spectral gain. Both types of EDFA exhibit gain spectra which change when
saturated. However, a 980nm "gain-shaped” amplifier exhibits a lower cross-saturation effect
than a 1.48um pumped amplifier. For example, for 1.48um pumping a large signal at 1556nm
sufficient to cause 5dB of gain compression at that wavelength, causes 10dB of gain compression
at 1530nm. On the other hand for a "gain-shaped”, 980nm pumped amplifier a 5dB compression
at 1556nm gives only a 5.5dB compression at 1530nm.

In addition, we have made the the first observations of room temperature spectral gain
hole-burning in EDFAs pumped by broad linewidth (~ 10nm) pump sources. The effect is small
and gives rise to a less than 1dB change in gain compression across the gain band and confirms
the near homogeneous nature of the erbium transition in germano-alumino-silicate glass. This
effect will be of little consquence to future WDM systems.
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INTRODUCTION

Erbium-doped fiber amplifiers (EDFAs) are attractive for various optical
fiber transmission systems and networks owing to their several advantages such as
high gain and low noise. A EDFA with its high output saturation power and wide
gain profile is specially suitable for wavelength-division multiplexing (WDM)
applications such as multichannel CATV distribution systems [1]. In these
applications, the EDFA is normally used as a post (or a booster) amplifier and
operates at a saturated region. Although it has been demonstrated that the EDFA
is immune to patterning effects and interchannel interference, and has low gain
saturation induced crosstalk [2], {3], there is little information about effects of
wavelength spacing and fiber length in a saturated EDFA for multichannel
applications. In this paper, we report the experimental results on wavelength and
fiber length dependence of gain for saturated EDFAs in a two-channel
amplification system. The experimental results show that when an EDFA operates
at the saturated region in a multichannel system, a shorter fiber length than that
in single-channel should be selected to get a flat gain profile, and that the
Ge/Al/Er-doped silica fiber is desirable for multichannel amplification use since a
gain hole-burning is observed for the Ge/Er-doped silica fiber.

EXPERIMENTAL SETUP d
Figure 1 shows the experimental setup used for the two channel CW signal

amplification. A single-mode tunable external cavity laser (ECL) (Channel 1) and
a DFB laser (Channel 2) were used. In the measurements, the wavelength, A}, of

the ECL was changed from 1530nm to 1560nm, and that of the DFB laser, A3,
was fixed at 1552nm. Outputs of the two lasers were combined through a fiber
coupler, and coupled into the EDFA by a filter type WDM coupler having flat
loss characteristics in the concerned wavelength regions. The signal input power
to the EDFA was -4.5dBm for both channels. A 1480nm laser was used as a
pump source, and a pump power of 22.6mW was launched into the EDFA. Two
polarization insensitive isolators were used to avoid the laser oscillation. The gain
characteristics were measured using an optical spectrum analyzer.

92-17341
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A Ge/Er-doped and a Ge/Al/Er-doped silica fibers were tested in the
experiment. The former (hereafter Fiber 1) had an Er3+ core concentration of
77ppm by weight, a cutoff wavelength of 1.19um, and an MFD of 5.9um. The
latter (hereafter Fiber 2) had an Er3+ core concentration of 260ppm by weight,
an Al3+ concentration of 5000ppm, a cutoff wavelength of 0.96um, and an
MFD of 6.1um. The peak absorption coefficients are 0.7dB/m and 2.5dB/m for
Fibers 1 and 2, respectively. In the experiment, the gains for both channels were
measured changing the fiber length and the wavelength of the ECL.

RESULTS AND DISCUSSION

First, the gain characteristics of Fibers 1 and 2 operated at the saturated
region were measured in a single channel system. The measured results are
shown in Fig.2 for different fiber lengths. As shown in Fig.2(a), the gain of
Fiber 1 was dependent on the signal wavelength and fiber length even operated at
the saturated region, whereas in Fiber 2, a quite flat gain profile was obtained
over a wavelength range of 30nm (from 1530nm to 1560nm) for a wide range of
fiber length (Fig.2(b)).

The measured gain characteristics of Fibers 1 and 2 in the case of a two

channel amplification are shown in Figs.3 and 4. Figures 3(a) and 4(a) show the
gains for Channel 1 as a function of Ay, and Figs.3(b) and 4(b) are those for

Channel 2 as a function of the relative wavelengta A1-A2.

It can be seen that in both fibers when the fiber length is long and A is
located at the 1530nm region, no gain can be obtained in Channel 1 (Figs.3(a) and
4(a)), and the gain of Channel 2 is independent of the presence of Channel 1
(Figs.3(b) and 4(b)). When 1] is located at the 1550nm region and close to A3, a
gain hole-burning effect [4] appeared in Fiber 1 due to gain competition
(Fig.3(b)), and the hole shifted toward the shorter wavelength for shorter fiber
length.

On the other hand, in the case of Fiber 2, no gain hole-burning appeared
even A1 and A2 were located very closely (Fig.4(b)) (5], and the channei located
at the longer wavelength has always larger gain. It can also be seen from
Figs.4(a) and 4(b) that although the gains for both channels are smaller than that
for single channel, a flat gain profile can be obtained in the 1550nm region,
suggesting that the use of the Ge/Al/Er-doped silica fiber is desirable in a
multichannel use.

CONCLUSIONS
The multichannel amplification characteristics of saturated EDFAs are
investigated for the Ge/Er-doped and Ge/Al/Er-doped silica fibers. A gain hole-
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burning was observed in the Ge/Er-doped silica fiber, whereas a flat gain profile
was obtained in the Ge/Al/Er-doped silica fiber. The experimental results suggest
the uses of a shorter length Ge/AVEr-doped silica fiber and 1550nm wavelength
region for multichannel amplifications with a saturated EDFA.
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Fiber Fabry-Perot Etalon
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Abstract

An all fiber, diode-pumped, electrically tunable ring laser is reported. Gain is
provided by an erbium-doped fiber and tuning by a Fiber Fabry-Perot etalon. The
threshold at 1.566 um is 2.9 mW, the slope efficiency is 0.15 and the output power is
4.2 mW with 32 mW of pump power. The output wavelength can be tuned from
1.525 to 1.586 pm with a variation in power of less than 3.5 dB.

Introduction —

Tunable lasers have applications in a wide variety of fields, including optical
communications, optical fiber sensors, and spectroscopy. The high performance of
erbium-doped fiber (EDF) amplifiers and lasers pumped with modest powers!?? offers
the possibility, with a suitable tuning element, of compact, diode-laser pumped
tunable fiber lasers for the wavelengths near 1.5 pgm of interest for optical fiber
communications.

The Fiber-Fabry Perot (FFP) etalon* is a compact all-fiber, electrically tunable,
polarization independent filter. It cannot be used in a standing wave resonator
because the FFP will reflect wavelengths outside the pass band, and act as a resonator
end-mirror for these wavelengths. However, in a ring cavity an optical isolator will
prevent the formation of a resonator for wavelengths outside the FFP pass band and
lasing should occur only within the FFP pass band. We report here a low threshold
(Ith < 3 mW), electronically tunable, all fiber, diode pumped ring laser using this
scheme. A tunable laser utilizing a similar approach with a liquid-crystal etalon filter
has recently been reported.®

Ezperiment

The tunable fiber laser is shown in Figure 1. The laser cavity is a fiber ring including
an erbium-doped fiber and a wavelength multiplexer to combine the pump and the
circulating laser light. The pump light is provided by a 1.48 um laser diode, the
emission of which is coupled into a laser-machined fiber micro-lens.® A 99:1 fused

92-17342
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fiber coupler is included to permit monitoring of the coupled pump power. The EDF
had a length of 30m, a cut-off wavelength of 1.0 pm, a core diameter of 2 pum and an
index difference An = 0.045. The core had an Er concentration of 100 ppm and was
co-doped with Ge and Al. The EDF was followed by a 50:50 fused fiber coupler acting
as an output coupler.

The ring is completed with the FFP tuning element and a polarization independent
pig-tailed optical isolator, both of which are necessary to assure wavelength selectivity
of the ring cavity. The FFP interferometer* has a free spectral range of 66 nm, a
finesse of 55 and an insertion loss of 0.7 dB on resonance. A single polarization
controller is included in the loop, and is adjusted to maximize output power.

Results

With injection currents up to 300 mA, as much as 32 mW of pump power was
launched into the ring laser. The light-light curve measured for a wavelength of
1.566 pm is shown in Figure 2. The threshold is 2.9 mW. The slope efficiency is 0.15,
with an output power of 4.2 mW for 32 mW of pump power.

The tuning characteristics of the laser are shown in Figure 3. The spectral power
density of the laser line exceeds that at other wavelengths in the erbium gain
spectrum by more than 50 dB over most of the tuning range (correcting for the 0.5 nm
measurement resolution and laser line width < 0.1 nm). The tuning range exceeds
60 nm, from 1.525 pm to 1.586 pm (Figure 4). Over this range the power of the laser
line varies by less than 3.5 dB.

The laser wavelength can be tuned continuously over the 60 nm tuning range by
adjusting only the bias of the FFP (Figure 5), without the need to adjust the
polarization. The continuous tuning is demonstrated over a portion of the gain
spectrum in the inset to Figure 5. The change in FFP bias necessary to tune over the
full 60 nm range in the second order is about 10 V. In the first order the laser
wavelength initially changes slowly with bias but beyond the starting bias of about
50V, the dependence of wavelength on bias is similar. The departures of the tuning
curve from linearity arise from effects of FFP loading friction and the shape of the
FFP piezoelectric translator hysteresis curve at low bias (Vprp < 50 V), and from gain
pulling near the limits of the tuning range.

As a result of the low loss of the FFP etalon and the low threshold of the EDF, the
FFP EDF ring laser reported here has substantially improved threshold power, slope
efficiency, output power and tuning range compared to other reported designs for
tunable, erbium-doped fiber ring lasers.>’# The FFP EDF ring laser is thus especially
well suited for pumping by semiconductor diode lasers. The polarization
independence of the FFP permits simpler operation with continuous tuning over
60 nm by adjusting only the FFP bias. As an all fiber, polarization independent diode
pumped device, the FFP EDF is inherently simpler and more compact.

Conclustons

We have presented an all fiber 1.5 um laser which is electrically tunable. An erbium-
doped fiber pumped by a 1.48 ym laser diode provides the gain and the tuning
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element is a Fiber-Fabry Perot etalon. The laser has a low threshold of 2.9 mW and a
slope efficiency of 15%. The tuning range is 60 nm, over which the laser output

power

varies by less than 3.5 dB.
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FIGURE 1 Tunable, diode pumped fiber laser. FFP:
fiber Fabry-Perot etalon. OI: optical isolator.
WSC: wavelength selective coupler. EDF:
erbium-doped fiber. PC: polarization coniroller.
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Videly Tunable Actively Modelocked Erbium Fibre Ring Laser

by

Th. Pfeiffer, H. Schmuck
SEL Alcatel Research Centre
Lorenzstrasse 10
D-7000 Stuttgart 40, FRG

INTRODUCTION

Erbium fibre lasers offer a large variety of features such as large
tuning range /1/, high output power /1/, modelocking at repetition rates
beyond 10 GHz /2/, Q-switching /3/ and single longitudinal mode opera-
tion /4/. In this paper we present a 980 nm laser diode pumped erbium-
doped fibre ring laser that combines a large tuning range of 33 nm with
picosecond pulse generation by active modelocking at repetition rates up
to 6 GHz.

EXPERIMENTAL

The active element in the ring cavity (fig. 1) was an A13+-codoped Er3+-

doped silica fibre with An = 30-10'3, core diameter of 2.3 um and length
of 30 m. It vas pumped by 10 mVW optical power at 980 nm provided by a
semiconductor laser diode. Travelling wave operation of the ring laser
wvas accomplished by the introduction of a polarization insensitive opti-
cal isolator with an isolation of better than -60 dB. Part of the opti-
cal power (22 %) in the ring was coupled out via an asymmetric fused fi-
bre coupler. The tuning element was a fibre-pigtailed GRIN lens Fabry-
Perot filter /5/. The lens facets vere coated by a high reflection co-
ating with R = 95.6 X around 1.55 um. The free spectral range was adju-
sted to be FSR = 75 nm, the filter finesse was F = 62. The total inser-
tion loss of the filter was less than -3 dB. Active modelocking in the
ring laser cavity has been performed by periodical loss modulation using
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a LiNbO3 electro-optic amplitude modulator. It was driven by an electri-
cal bipolar square wave signal with 16 V peak-to-peak voltage. This
resulted in a repetition rate of the optical pulses of twice the elec-
trical driving frequency. Limited by the bandwidth of the electro-optic
modulator (3 GHz) the repetition rate could be varied up to 6 GHz. Both
before the optical isolator and before the electro-optic modulator manu-
al polarization controllers were introduced in order to adjust the state
of polarization for good modelocking and continous wavelength tuning
/6/. The free spectral range of the ring cavity was 4.7 MHz, correspon-
ding to a round trip time of 213 ns. The total 1loss including all op-
tical elements, splices and output coupling was estimated to be

-15.9 dB. The output signals were analyzed by means of a 10 GHz PIN
diode/20 GHz sampling oscilloscope/electrical spectrum analyzer system

and by an optical spectrum analyzer, respectively.

RESULTS

Vhen the ring laser is operated continuous wave the output power varies
between -12.8 dBm and -9.8 dBm in the wavelength range 1529.7-1563.2 nm
(fig. 2). The power minima fall into a small window between 1539-1545 nm
and are due to non-optimized gain saturation in this wavelength range.
Vhen the electro-optic amplitude modulator is switched on, pulsed opera-
tion is achieved (at 2.2 GHz in fig. 2) within 1529.0-1562.1 nm with
less than 6 dB variation of average output power. The determination of
the pulsewvidth was limited by the bandwidth of the PIN diode (10 GHz)
sampling oscilloscope (20 GHz) detection system. The detected pulsewidth
was always less than 60 ps (fig. 3a). Spectral measurements using a
grating monochromator (resolution 0.1 nm) showed a 3 dB-bandwidth of
0.13-0.14 nm (fig. 3b). Scanning Fabry-Perot measurements revealed a
line spectrum with 2.2 GHz spacing and an envelope of 14.3 GHz width.
Assuming a time bandwidth product of 0.315 for sech?-shaped pulses this
corresponds to an optical pulse width of > 22 ps. While tuning the emis-
sion wavelength of the laser from 1529 nm to 1562 nm, the modulation
frequency of the amplitude modulator had to be increased by 261 kHz
(fig. 4) to achieve good modelocking. With this fine frequency tuning
the pulses became more stable, the amplitude was increased and the
optical spectrum was broadened to 0.13-0.14 nm. The relative frequency
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6 6

/nm)
doped fibre (22.5 m) at a modulation

/nm. The same relative tuning rate (7.2-10
3+

tuning rate was 7.1:10°
was measured with a shorter Er
frequency of 231.1 MHz. It is assumed that this effect is due to the
combined dispersion properties of the different elements in the ring ca-
vity, such as filter, modulator and amplifier fibre. This will be in-
vestigated in more detail in the next future. It was possible to incre-
ase the modelocking rate of the optical pulses up to 6 GHz. This was the
upper limit set by the modulator, but it has already been shown at a
fixed wavelength that modulation rates up to 30 GHz are possible /2/.

We would like to thank R. Rossberg for preparing low-loss fibre splices.
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Femtosecond Soliton Collapse by Frequency Modulation Instability

in Erbium-Doped Fiber Amplifiers

IL.R. Gabitov
L.D. Landau Institute for Theoretical Physics, Kosygina 2, 117334 Moscow, USSR
M. Romagnoli, and S. Wabnitz
Fondazione Ugo Bordoni, Via B. Castiglione 59, 00142 Rome, Italy

1. INTRODUCTION

Recent experiments [1-3] have reported the amplification of femtosecond solitons
in erbium doped optical fibers. Whenever the spectral width of the soliton is as wide as
the linewidth of the amplifier, the gain that is seen by the pulse is reduced with respect
to that of a weak continuous wave signal. However, it has been observed that the pulse
width remains virtually unchanged, at least over some initial stage of the amplification
process. Physically, this is due to the fact that the pulse shape is determined by two
competing effects. From one side, the amplified pulse tends to remain a soliton and
therefore to compress its time width. On the other hand, the finite spectral width of
the gain leads to preferential amplification of the central part of the pulse spectrum and
this would lead to pulse broadening. If these two effects balance each other, the output
pulse width may remain almost undistorted. This compensation is however an unstable
phenomenon.

In fact, in ref.[3] it was observed that an initial stage of undistorted soliton pulse
amplification may be followed by a relatively sudden temporal compression, that is ac-
companied by substantial spectral reshaping. We will show here that this pulse collapse
phenomenon is activated by a frequency modulation instability. In fact, the finite phase
memory of the amplifier introduces a temporal asymmetry, where the leading edge of
the pulse is sharper than its tail. This in turn leads, through self-phase modulation, to
a frequency modulation along the pulse profile that breaks the uniformity of the soliton
phase. As we shall see, the consequence of this instability is the generation of a train of
ultrashort pulses of different amplitudes. In the presence of Raman self-scattering [6-7),
the leading pulse of the train is subject to the largest self-frequency shift. After multiple
collisions, a single compressed and amplified soliton may emerge from the fiber.

2. THEORY

Soliton propagation in the presence of finite bandwidth gain may be studied by
introducing linear gain and gain dispersion in the nonlinear Schrédinger (NLS) equation
[3-4]. This description is only valid in the case where the spectral width of the pulse is
much narrower than the amplifier bandwidth [5]. This condition is clearly not satisfied
for pulsewidths of 200 fs or shorter [1-3]. Moreover, the observed soliton instability leads
to compression of the soliton down to 50 fs. Therefore the coherent interaction between

field and atoms must be taken into account, as well as the presence of self-stimulated
Raman scattering in the fiber [6-7).

The coupled equations for the single mode electric field E in the fiber and the
polarization P and population inversion W of the homogeneously broadened system of
two-level atoms in the active fiber read, in dimensionless units,
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where 1 — p ~ 0.2 is the fractional Raman contribution to the nonlinear index [6-7], R
is the self-phase modulation (SPM) coefficient, and 8" is the group velocity dispersion
(GVD). Furthermore, f(t) is the Raman response function of silica [6-7], and T3 is the
dephasing time of the atomic polarization.

3. RESULTS
In the numerical simulations, we chose the following input boundary conditions

E(z = 0,z,t) = Ag\/B/Rsech(t)

(2)

P(z,t=-T)=0,W(z,t =-T) =1,
where T is half of the computational temporal window. Note that for Ag = 1 one has
at the input a N = 1 soliton of the NLS equation. Figures (1-2) show the calculated
pulses and spectra whenever the experimental values of ref.[3] are considered. The
fiber dispersion was set equal to D = —5ps/nm - km, and the input pulse width at half
maximum was 79 = 250fs. We considered a spectral width of the amplified spontaneous
emission line of erbium at A = 1.55um of 10nm, which leads, in real units, to 75 ~ 250fs.
The doping concentration was N = 5 x 10'®%m 3, whereas the erbium dipole moment
is p = 2.5 x 10~ 2%su.

Figure (1) shows the output pulse profile after 1.5 and 3 m of erbium doped ampli-
fier, for a linear gain of 4.2 dB/m and with 49 = 1.4. As can be seen, in the frequency
domain the signature of soliton collapse is the appearence of ihree spectral peaks. The
central frequency peak is associated with the long tail of the pulse and increases when
T, grows larger, whereas the two sidebands originate from the frequency modulated
narrow pulse.

Figure (2) shows the effects of Raman self-scattering: here the fiber length is 6m
and the gain is 7 dB/m. The top figure has been calculated without the Raman term in
egs.(1), whereas in the lower figure the Raman effect is included. In the absence of the
Raman effect, a train of pulses is generated. These are not independent solitons: rather,
the train may be thought as a chain of infinitely many coupled solitons, in analogy with
the self-similar pulse trains that are generated by a two-level amplifier in the absence
of GVD and SPM. As can be seen, owing to the Raman effect the leading pulse of the
train has gained energy from the multiple collisions with the other pulses and eventually
it separates from the broken-up background because of the slowing down due to soliton
self-frequency shift.

4. CONCLUSIONS

We have shown that the recently observed femtosecond soliton compression and
soliton train generation phenomena in erbium doped fiber amplifiers result from the
interplay between nonlinearity and dispersion of the composite glass/two-level system
medium.

This work was carried out in the framework of the agreement between Fondazione
Ugo Bordoni and the Istituto Superiore Poste e Telecomunicazioni.
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A traveling-wave semiconductor laser amplifier (TWA) [1]-[4] can greatly simplify optical
repeaters used in wavelength-division-multiplexed (WDM) systems, since its wide gain band-
width allows a single TWA to simultaneously amplify signals of different wavelengths. Even
though such system performance in the linear gain regime is determined only by amplifier
noise properties [5],(6], the onset of nonlinear effects in optical amplifiers result in crosstalk
7}

Nonlinear effects in optical amplifiers have opposite aspects; (1) unfavorable for linear
amplification where any nonlinearity impairs the performance and should be avoided, but (2)
favorable for highly efficient nonlinear operation [8],{9] due to a large optical gain compared
with passive/absorptive nonlinear materials. Two significant nonlinear effects are signal gain
saturation [10] occurring for a large input signal and nearly degenerate four-wave mixing
(NDFWM) [11],(12] occurring for multifrequency input signals, as summarized in Fig. 1 {13].
The dominant nonlinearity in the semiconductor laser amplifiers (SLAs) results from changes
in the injected-carrier density as a result of signal wmplification. Signal gain saturation arises
from the reduction in DC carrier component Ang., while the NDFWM is attributed to the
generation of a carrier beat component Ang at the beat frequency Q.

Signal gain decreases with an increase in amplified signal output due to the reduction of
injected carrier density from the unsaturated gain level through stimulated emission. Signal
gain is suppressed by 4.34 dB from the unsaturated value when the output signal power P,,,
is equal to the saturation power P, [4]. Changes in the carrier density not only change the
gain of an amplifier but also change the amplifier refractive index due to the a-parameter,
resulting in shifts in the phase of the Fabry-Perot (FP) ripple in the amplifier gain spectrum.
The effect of FP resonance peak shift becomes significant in uncoated FP amplifiers, which
can be utilized for bistable optical gates [14]-[16].

Since the amplifier gain is homogeneously broadened [17], in multichannel amplification
systems the saturation of the amplifier gain by any one channel reduces the gain for all
channels. In amplitude-modulated WDM systems, this saturation causes crosstalk between
channels regardless of the amount of channel separation [18]-[20]. This saturation-induced
(SI) crosstalk can be partially reduced by using an electronic feedforward linearization method
which maintains a constant carrier density [21].

In the case of high-energy pulse amplification, signal gain saturation also causes pulse
waveform distortion simply because the leading pulse edge saturates the amplifier and re-
duces the gain available for the trailing edge. The pulse duration variation depends on the
input pulse shape, i.e., a Gaussian pulse is broadened by amplification, while a rectangular
pulse is compressed [22]-(24]. The pulse waveform distortion is accompanied by the self
phase modulation occurring as a result of the SI refractive index change. The instantaneous
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frequency of the amplified pulse is down-shifted. The chirped pulse can be compressed by
a factor of ~ 2 if it is passed through a dispersive delay line (e.g. fiber) having anomalous
dispersion [25].

Nearly degenerate four-wave mixing (NDFWM) [9],(26]-[30] is a different kind of non-
linear effect occurring for multifrequency CW input signals when the frequency separation
between two signal channels is reduced to the reciprocal of the carrier lifetime (~ GHz). The
physical mechanism behind NDFWM is carrier density modulation Ang induced at the beat
frequency between two incident light waves. This carrier density modulation generates two
new light waves, which are frequency shifted from the two input waves by the beat frequency.
The NDFWM also causes intermodulation distortion (IMD) in closely spaced FDM systems
[11),[12],(31]-[36). Operation of a TWA well below P, as well as enough channel-spacing
more than a few GHz is required to prevent signal degradation from the IMD [33].

In contrast to the crosstalk point of view, this new frequency generation due to efficient
NDFWM interaction [9] is attractive for other applications. Optical frequency exchange
between two frequency channels [37], and wideband optical frequency conversion with a 1.5
THz conversion range by introducing a second pump wave at a desired frequency within the
amplifier bandwidth [38],[39], have been demonstrated.

Since saturation recovery time of Er-doped fiber amplifiers (EDFAs) is extremely slow (~
10 milliseconds) compared with that of SLAs, any kind of nonlinearity in EDFAs ceases to
be a problem for high speed signals. However, SLAs still have an important role to play as
they possess new functions based on the efficient nonlinear effects and can be integrated to
form functional components.
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Abstract

Optical phase modulation with a semiconductor optical amplifier is investigated. By equalizing the
phase response, the 3 dB bandwidth is extended from 600 MHz to 2.5 GHz.

Introduction

Various experiments have demonstrated the feasibility of using semiconductor optical amplifiers
(SOA’s) as optical phase modulators in coherent optical communication systems [1]-[4]. Compared
to traditional phase modulators (e.g. LiNbO3 phase modulators) the SOA provides the advantages
of gain and fairly low modulation power requirements.

For performance optimization it is important to know how the different parameters of the
SOA influence the phase modulation properties. Therefore, a numerical model of the SOA is
developed to calculate both amplitude and bandwidth of the phase and amplitude responses under
various driving conditions. To establish the accuracy of the model, the phase and amplitude
responses are measured. The major drawback of using SOAs as optical phase modulators is the
limited modulation bandwidth. It is determined by the carrier lifetime and is normally less than
600 MHz [1]-[4]. Here it is, however, demonstrated that the SOA can be used as phase modulator
at up to 2.5 Gbit/s by equalizing the phase response.

Numerical amplifier model

The model used for the calculations is based on a transmission line description of the SOA [6].
For precise modelling of the longitudinal electron distribution the SOA is divided into sections.
The phase and amplitude modulation is then calculated from the phase and amplitude difference
between the optical input and output electrical fields of the SOA, where the electrical field at the
output facet is calculated from a recursive expression given by:

A(t) = VGap-e*. [1 + 2jTA, - (w - w,(N))AL?—] -A%t-1) (1)
o = ACL wWenty + 0y - (W —wp) +w,T'- (N =N, ) (2)

Gl is the single pass gain in one section, ¢ the phase of the field, I' the confinement factor,
A, a gain constant and w is the angular frequency of the light, while w, is the angular frequency
corresponding to the gain peak wavelength. N is the carrier concentration, AL the length of one
section and 7 is the corresponding transit time. c is the light velocity in vacuum, n, the group index
and n the refractive index. The indices r designates reference values of tk- variables. Furthermore,
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A® is the electric field at the beginning of each section and is calculated using (1) and (2) on the
preceding section. Finally, N is calculated using the rate equations with a detailed model of the
recombination rate [7).

Phase and amplitude response

To estimate the performance of the phase modulator, the numerical model is used to calculate the
phase and amplitude responses of the SOA. Subsequently, measurements using both a Fabry-Perot
and a selt heterodyne measurement setup [8] is performed to verify the validity of the calculations.

The SOA investigated here is a 400 um long BH-type amplifier with an active layer thickness
of 0.4 um and a width less than 1 um [5]. For reference the gain peak is at 1532 nm for a bias
current of 85 mA and the lasing threshold after AR-coating is 110 mA.

When using the SOA as external modulator there is a trade off between amplitude and band-
width of the phase response. This is seen from Fig. 1 where the calculated and measured phase
response is shown for three different values of output power level at 1530 nm wavelength. In trace
A and B the SOA is biased at 70 and 85 mA, respectively, while the input power level (in the
fibre) is -15 dBm. In trace C the SOA is biased at 85 mA and the input power level is -7 dBm.
The modulation bandwidth of the SOA is determined by the effective carrier lifetime and can, as
calculations and measurements show (c.f. Fig. 1 and 2), be increased by using higher bias current
or by saturating the SOA. As the SOA is driven into saturation the number of stimulated recombi-
nations is increasing and hence the effective carrier lifetime is decreasing with the result of a higher
modulation bandwidth. As seen, the highest bandwidth (600 MHz) is achieved when the SOA is
saturated and also provides the highest output power level (3 dBm). Since the SOA will be placed
directly after a laser in a real system, high input power levels are easily obtained.

The measured and calculated amplitude responses corresponding to trace A and B of the phase
response are depicted in Fig. 2. The bandwidth of the amplitude response is seen to be equal to
the bandwidth obtained for the phase response. This indicates that the linewidth enhancement
factor a, giving the ratio between the phase and amplitude modulation [8}, is independent of the
modulation frequency. The ratio between the measured phase and amplitude response indicates an
a of approximately 6. Furthermore, a is found to increase with increasing wavelength.

From Fig. 1 and 2 it is seen that there is good agreement between the calculated and measured
phase and amplitude responses. This has great importance since the model then can be used to
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investigate how the different SOA parameters influence the performance of the phase modulator.
Finally, it should be noted that the amplitude response is measured using the self heterodyne
measurement setup only. This is due to the fact that the phase and amplitude modulation are
found to be in quadrature, which means that the amplitude modulation can not be estimated from
the spectrum recorded by the Fabry-Perot interferometer even though the amplitude modulation
is quite large. This is seen from Fig. 3 where the
power spectra obtained at a modulation frequency of
400 MHz is shown. If the phase and amplitude mod-
ulation were not in quadrature, the symmetrical spec-
trum would indicate a very low amount of amplitude
modulation and thereby a linewidth enhancement fac-
tor a greater than 40, which is not a realistic value for
ordinary SOA structures. Figure 3: Power spectrum.

High bit rate performance

In order to improve the modulation bandwidth and thus making PSK modulation above 900 Mbit/s
possible, a passive equalizer has been designed and implemented (c.f. Fig. 4). In Fig. 5 the measured
values of the modulation power required to obtain the PSK phase shift of » radians are depicted
for a wavelength of 1552 nm. This high wavelength was chosen to obtain a higher value of a
(approximately 10). ‘The non-equalized phase response (dotted line) corresponds to trace C in
Fig. 1. The equalized phase response (solid line) exhibits a ripple less than 3 dB up to more than
2.5 GHz, and the modulation power requirements indicates a V. of 7 V, which is comparable to
reported values for wideband LiNbO3 modulators.

The modulation bandwidth of 2.5 GHz indicates modulation capabilities of up to 3.8 Gbit/s. It
is however, only possible to obtain PSK modulation speeds slightly above 2 Gbit/s since the mea-
sured time delay variation between the electrical and optical phase modulation is around 300 ps.
This is demonstrated in a 2.5 Gbit/s DPSK semi-coherent system experiment where the demod-
ulation is achieved with an optical delay line demodulator [9] and subsequent detection with a
direct detection system. The demodulated bit pattern and corresponding ’eye’ diagram are shown
in Fig. 6 and Fig. 7, respectively.
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Figure 4: Circuit diagram of the equalizer. Figure 5: Required modulation power to ob-

tain the PSK phase shift of » radians.
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The observed ripple between succeeding ’ones’ in the demodulated bit pattern is not necessary
due to bandwidth limitations in the equalizer/SOA since a DPSK ’one’ represents a real phase shift
between two succeeding bits. A BER of 102 at a sensitivity of -23.5 dBm is obtained, with the
sensitivity being limited by the frontend. The optical output power of the SOA was 3 dBm and the
fibre-to-fibre gain 10 dB. To the best of our knowledge, it is the first time that phase modulation
at 2.5 Gbit/s has been demonstrated using a SOA as phase modulator. Penalties induced by
the inherent amplitude modulation can be substantially reduced using special techniques and is
therefore not expected to be a major problem.

Conclusion

Optical phase modulation using a semiconductor optical amplifier has been investigated theoret-
ically and experimentally. Good agreement has been obtained between calculated and measured
results. The phase and amplitude modulation has been observed to have equal shape and to be in
quadrature. Furthermore, it has been shown that output power levels of up to 3 dBm is obtainable
with a fibre-to-fibre gain of 10 dB. This makes phase modulation by optical amplifiers promising
since high output power and gain is not available from traditional LiNbO3 phase modulators. Fi-
nally, it has been demonstrated that the SOA can be used as phase modulator at very high bit rates
(2.5 Gbit/s) by equalizing the phase response. Since the SOA in addition provides the potential
of future optoelectronic integration, it is very promising for use as phase modulator in coherent
optical communications systems.
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1. Introduction

Multiple quantum well (MQW) optical amplifiers have recently been demon-
strated. It has been shown that these MQW amplifiers have exceilent charac-
teristics such as high gain, large saturation power and low noise (1—3]. In
addition to being excellent devices, they can serve as convenient tools to study
the gain dynamics in an inverted MQW media.

The energy band diagram of a typical 1.5 um InGaAs/InGaAsP MQW opti-
cal amplifier is shown in Fig. 1. When an electrical pump (DC current) is
applied to the device, the allowed states of the structure fill up as the quasi
Fermi level rises. Since the amplifier never reaches lasing threshold, there is no
pinning of the Fermi level which may rise to a level far in the barrier. In that
case, the barrier serves as a carrier reservoir [4]. When a strong optical pump
is injected at an energy level inside the QW, carriers from higher energies relax
to the newly generated empty states. Replenishing of the removed carriers
comes first from higher energy levels which are inside the QW (this process has
a sub-ps time constant). Then the carriers in the barriers diffuse towards the
QW and are captured with a mean time of several ps [4].[5]. And finally, con-
ventional recombination dominated by Auger processes, with time constants of
;350 ps take place in the barrier region [4]. ,

Many dynamical gain processes in an inverted MQW media depend upon
the interaction between the carriers in the three dimensional barrier region and
the two dimensional QW. Several studies of these processes which use short
pulse luminescence and single wavelength pump — probe gain evaluation have
been reported [4—6].

Here we report, for the first time, on the use of a broad band static
pump-probe technique to study the coupling of barriers and QW states in an
InGaAs/InGaAsP MQW amplifier. We study the effect of a pump signal at an
energy near the QW gain peak (1.51 um) on the device gain by probing at vari-
ous energies and by measuring its broad band amplified spontaneous emission
spectrum. The measurements map out the energy (wavelength) dependence of
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the interaction between carriers in the barrier and the quantum well and thus
yield details of the density of states function in the vicinity of the QW top. As
will be shown, the great difference between the relaxation time inside the QW
and the barrier to QW capture time, creates a dip in the carrier distribution
near the top of the QW.

II. Experimental Set Up

The experimental schematic is shown in Fig. 2. For the pump probe
measurements we use two lasers. The pump is a high power 1.51 pm DBR
laser and the probe is an extended cavity laser. Each laser output can be
chopped and its polarization controlled. The two lasers are combined in a fiber
directional coupler and injected through a microlens to the amplifier under test.
The output of the amplifier was filtered by a spectrometer, tuned to the probe
wavelength, and measured by an optical spectrum analyzer or by a lock in
amplifier. In the pump probe measurements, we used as the probe source two
different lasers to cover the ranges 1.32 — 1.37 um (in the barrier) and 1.45 —
1.5 pm (in the QW). For the measurements of the reduction in the amplified
spontaneous emission (ASE) power, only the pump laser was used. The pump
power was chosen to cause a 2 dB saturation of the amplifier gain.

The interaction between the regions of interest was characterized by measuring
the cross talk between the pump signal at 1.561 pm and the higher energy levels
near the top of the QW or in the barrier. First we used, a chopped probe signal
whose gain is measured with and without a cw pump. The chopped probe
wavelength was tuned over the above mentioned ranges and the reduction of
the gain (due to the pump) was recorded as a function of probe wavelength.
Next we use a chopped pump signal with no probe and measured the effect of
the pump on the ASE power over the spectral range of 1.32 — 1.5 um, namely,
from high in the barrier to well inside the QW.

III. Results

In Fig. 3 the ASE of the amplifier at a drive current of 140 mA is shown.
It can be seen that the ASE extends to wavelengths as short as 1.25 pm. This
implies that most of the quantum well states are filled and also many in the
barrier. In Fig. 4 we present the effect of the pump (at 1.515 pum) on the ASE
spectrum. The data in Fig. 4 represents the difference between the ASE spec-
tra with and without the pump. In the region near the top of the QW the den-
sity of state functions of the barrier and QW regions merge. Since the two func-
tions extend into one another, the transition regions take a complicated form.
The addition of a strong pump signal creates a dip near the top of the QW. This
dip starts at a wavelength of 1.365 pum and is mapped out in Fig. 4. Since the
capture time of carriers in the barrier is acting as a bottle neck for the
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relaxation process, this dip is maximized below the barrier energy at 1.43 um.
At wavelength longer than 1.43 pm (which is well inside the QW), the cross talk
signal decreases. This is due to the fact that the saturation energy increases as
the wavelength of interest approaches the gain peak at 1.51 pum from the short
wavelength side [7].

Cross talk measurements similar to the ones described in Fig. 4 were per-
formed at several drive currents. The general shape of the cross talk spectrum
repeated itself but the fine features and the wavelength of maximum cross talk
were bias dependent. The only feature which is bias independent is the first
edge on the short wavelength side of the dip. That portion of the measured dip
is shown in detail in Fig. 5. The dip edge at the short wavelengths (1.36um—
1.37um) is marked by an arrow found to be bias independent and is therefore
identified as the energy at which the QW and the barrier's states meet.

We also performed static pump-probe measurements at the wavelength
ranges 1.32—1.37 and 1.45—1.5. The reduction of the gain in the presence of
the pump resembles the reduction of the ASE spectrum (Fig. 4). Next we meas-
ured the cross talk dependence on the drive current. In Fig. 6 we see that up
to a 140 mA drive, the cross talk increases with the current and at higher
currents it decreases. This effect is, probably, the result of two mechanisms
that oppose each other. First, as the current is increased there are more car-
riers in the reservoir and hence the effect is stronger. However, at high
currents the QW are filled more so that less carriers are needed from the reser-
voir and the effect decreases.
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Abstract

Operation of a semiconductor laser amplifier simultaneously as phase modulator and optical switch
is proposed. Theoretical and experimental results on performance in saturation are reported.

Introduction

Phase modulation by semiconductor laser amplifiers is a promising technique, as has been demon-
strated in coherent transmission links [1,2]. A semiconductor laser amplifier can also be applied as fast
optical on/off switch. This can be realized by turning off the bias current, so making the amplifier to
become highly absorbant for signal radiation. The combination of both functions can be applied in a
coherent multi-channel system, in which (D)PSK modulation format is used, and a fast optical switch
is required to accomplish TDMA on each channel. Such an application at the transmitter of a coherent
system provides a very flexible approach, as being demonstrated in the ESPRIT 2054:UCOQOL project (3].

The main advantage of this approach is the signal gain of the amplifier/switch, in contrast to e.g.
LiNbOj; devices that introduce signal attenuation. This feature enables a significant increase of the
coherent system capacity, even when amplifier saturation, and receiver sensitivity degradations due to
intensity modulation and amplified spontaneous emission noise are taken into account [4].

In this paper the switching and phase modulation performance of a semiconductor laser amplifier is
described theoretically. Experimental results are given as well to validate the modeling work. Special
attention is given to operation in saturation.

Amplification and Switching

A semiconductor laser amplifier basically is a laser diode (AR coated) operating just below threshold.
Light injected into the amplifier experiences gain if a population inversion of carriers is created. The
intrinsic amplifier gain is in approximation given by [5]:

= exp (B ) 1, .

in which I is the opti-al confinement factor, L is the length of the amplifier, S is the saturation parameter
that depends on the !ight intensity in the amplifier and the saturation intensity. o is the internal loss
coefficient and is responsible fo. all internal loss processes apart from band gap absorption [6].

The material gain coefficient depends on the carrier density and is given by [5]:

gm = a(n, — ng) — az(X — A,)’, (2)

with n, the carrier density, and no the transparency density. a and a; are empirical constants. ) is the
wavelength of the injected light, and A, is the peak gain wavelength of the amplifier (dependent on the
carrier density). In this approximation, the gain profile is assumed to be parabolic and the center skifts
linearly with carrier density. All parameter values used in the model, are listed in Table 1.

The carrier density is related to the bias current I by the rate equation:

Pg P

— 3 m

5 " eV — (Apyne + Bn? + Cn3) - Fwd (3)
with 4 < 1 the factor for the leakage current in the amplifier, e the electronic charge, V the volume of
the active region. The second term on the right is the carrier recombination rate, which is dominated
by Auger recombination for large carrier density. The empirical constants 4,,, B, and C to describe the

an, vl
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relaxation processes are also given in Table 1. The third term describes the optical amplification of light
with optical power P. F is the photon energy, and w and d are the width and the thickness of the active
region, respectively.

From the stationary situation, one may derive the relation between the bias current and carrier density.
In combination with equations (1) and (2) one can derive the bias current dependency of the amplifier
gain. Theoretically an attenuation of about 80 dB at zero bias current compared to a gain of 20 dB at
60 mA bias current is possible. This ideal 100 dB isolation can however not be obtained for a saturated
amplifier, as gain and absorption saturation cause a significant decrease of isolation.

We have experimentally determined the switching operation of a heavily saturated amplifier. A DBR
laser operating at 1522 nm with 3 dBm optical power in fiber was used as signal source. The optical
amplifier gain maximum was around 1500 nm at 60 mA bias current (3 dB ripple point). The unsaturated
fiber to fiber gain at this particular wavelength was about 6 dB. In Fig. 1a the isolation degree of the
amplifier (relative to the power level at 60 mA bias current), is plotted versus the bias current. One can
see that an isolation degree of more than 60 dB can be achieved by switching the bias current between
60 mA and 0 mA. The solid line in the figure represents the theoretical curve and is in good agreement
with the measurements.

The time response as derived from the rate equation (3) is simulated and plotted in Fig. 1b. One
can see that the decay is not exponential resulting from the higher order carrier density terms in the
recombination rate. For the situation of Fig 1a the time to establish an isolation degree of 50 dB is about
10 nanoseconds.

Phase modulation

Phase modulation by a semiconductor amplifier arises from the carrier density dependence of the
index of refraction in the active region. Modulation of the bias current results hence in modulation of
the optical path of the amplifier and thus in phase modulation. Besides the phase of the signal, also the
gain is modulated. The expression for the E-field after amplification E,, is given by [2]:

Em = EoVGexp (9—;’5(1 - iﬁ)). (4)

Ey is the E-field of the unmodulated signal, and Ag is the gain modulation and f is the linewidth
enhancement factor. One can see that the phase modulation index is larger than the amplitude modulation
index by a factor .

Sinusoidal phase modulation of a laser results in sidebands of the spectrum, and can be analyzed
by a Fabry-Perot interferometer. In Fig. 2 the intensity of the central line and the first two sidebands
are plotted versus the modulation index. One can see that up to a modulation index of 2, the relative
intensities are in good agreement with the theoretical Bessel intensities (solid lines). At higher modulation
index, the non-linear relation between amplifier gain and bias current dominates, resulting in a distortion
of the ideal performance. However in a realistic syster, digital phase modulation makes use of phase
shifts equal to —7/2 and 7/2 for which good performance is expected.

We have determined the linewidth enhancement factor 3 by measuring both the amplitude and phase
modulation response of the amplifier. It turns out that 3 shows a rippled pattern with period equal to
the FSR of the amplifier diode (see Fig. 3). For the amplifier based at 50 mA (at which the gain ripple
was 2.5 dB), § varies between 3.4 and 7.6. The average value of A is 5.3.

An expression for the phase modulation response d¢/dIy can be derived to be:

d¢ _ a'T8L7, 1
dly ~ 22V 1+ S5 +wir?

(8)

Wy, is the modulation frequency, and 7, = 8r/8n, = An, +2Bn, +3Cn? is the differential carrier lifetime
of the amplifier. a* = dg/dn, is equal to a at A = A,.

In Fig. 4 the (unsaturated) modulation response of the semiconductor laser amplifier is shown. The
modulation response is about 0.08 rad/mA for 60 mA bias current, and increases with decreasing bias
current. This effect is caused by the carrier dependency of the differential recombination time. If we
insert the values of Table 1 and assume G = 5.3 the differential carrier lifetime is calculated to 0.3 nsec.
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no | 1.1 x 1078 cm™3 Ao | 1580 nm a |50 cm~T

L | 500 pym w 1.5 um d | 0.14 pm

r (o3 a 2.7x10"% cm? | a3 | 0.15cm~! x nm~?
a3 | 27x107 7 nmxem™3 | A,, | 1085~} B [ 107 em3/s

C }13x10"¥cm®/s ¥ 0.6

Table 1: Parameters used to model a DCPBH semiconductor laser amplifier.

The 3 dB bandwidth of the amplifier is determined by the differential lifetime. For 60 mA bias
current (7, = 0.3 nsec) the calculated bandwidth is about 900 MHsz. From Fig. 4 the bandwidth for
phase modulation by the amplifier is deduced as about 700 MHz. The difference may be ascribed to the
frequency response of the electrical connections, which were optimized for 300 Mbit/s DPSK transmission.

From Equation (5) it appears that the phase modulation response decreases with increasing saturation
parameter. In Fig. 5a experimental results on saturation effects on phase modulation are plotted. The
response of the 50 mA biased amplifier starts to decay at about -8 dBm input power (in fiber). This
input power corresponds to -3 dBm output power in fiber (see Fig 5b on gain saturation).

In Fig. 5a the theoretical response of Equation (5) is plotted. One can see that the experimental
results differ from the theoretical model. This is due to residual facet reflections, causing a ripple on the
phase modulation response [4]. As the gain ripple shifts with saturation parameter, deviations from the
expected response appear. At an input power of -9 dBm and 0 dBm the wavelength of the signal laser
coincides with the optimal wavelength for phase modulation.

Conclusions

In this paper it is proposed to deploy semiconductor laser amplifiers in coherent multi-channel systems
to combine phase modulation and optical switching for DPSK-modulation and TDMA at the transmitters.
We have set up a model to describe the switching and phase modulation performance of the amplifier.
Experimentally an isolation degree of 60 dB is observed, and theoretically a switching time of 10 nsec is
derived for an amplifier operating in saturation.

We have shown the feasibility of phase modulation for a modulation index up to about 2, and in a
bandwidth up to 700 MHz. The phase modulation response decreases when operating in saturation. The
response depends on the gain ripple.
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... Fibre Bragg filters for pump rejection and recycling in erbium
doped fibre amplifiers.

by M.C. Farries, C.M. Ragdale, D.C. J. Reid.

Plessey Research Caswell Litd,
7 Caswell, Towcester, Northants, NN12 S8EQ.

ummary

Residual pump light emitted from an optical fibre amplifier can be a problem in a
telecommunication system. The performance of a receiver can be adversely affected by the
residual pump power emitted from a pre-amplifier, which is usually larger than the signal
power, because it can cause excess noise and receiver saturation. A pre-amplifier which is
designed for optimum gain and minimum noise figure will therefore have a large emission of
unabsorbed pump light. If the unabsorbed pump light can be reflected back into the amplifier
then the amplifier performance will be increased and the receiver will be free from pump light.
We show for the first time how this can be achieved with an efficient wavelength dependent
fibre reflection filter.
-~

Efficient fibre based filters have been made by fabricating a Bragg grating on a polished fibre
by two beam interference and then etching the grating into the fibre 1. The reflection
bandwidth of these filters can be determined by the chirp of the grating to be from 0.3 nm to
22 nm 2. A high efficiency of 95% of the grating is maintained by increasing the interaction
length of the grating as the chirp is increased. The gratings described here have an interaction
length of 10 mm but narrow band gratings have interaction lengths of 3 mm. The efficiency of
the filter is maintained by increasing the interaction length of the Bragg grating from 3 mm to
10 mm. The filters are fabricated by creating a grating in photoresist on a polished half coupler
by 2 beam interference 1. The grating is then etched into the fibre by ion beam milling and
then coated with a layer of high index material in order to pull the fibre field to the grating. We
have previously reported 2 a filter optimised for the 1480 nm pump band of a fibre amplifier
and now we show that filters with similar performance, but optimised for 980 nm can be
fabricated.
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The performance of the 980 nm fibre grating was measured in both reflection and transmission
is shown in figures 1 and 2. The filter is characterised by a peak reflectivity of 99% back into
the input fibre and a reflection bandwidth of 12 nm. There is a ripple on the reflection spectrum
but the reflectivity is greater than 75% over a bandwidth of 10 nm. These filters are particularly
advantageous due to their coverage of the 980 nm pump band of an erbium amplifier. The filter
has a low insertion loss of less than 0.5 dB at all wavelengths between 1.1 pm and 1.6 pm.
This is particularly advantageous for telecommunication applications such as pump rejection
after weak signal pre-amplification. The filter has a loss of 8 dB at wavelengths shorter than
reflection band due to out-coupling by the Bragg grating, but this will not affect most
applications. An important feature of the fibre filter for optical amplifier applications is its low
reflectivity at the signal wavelength.

The 980 nm filter was tested in an experimental fibre amplifier as shown in figure 3. The
amplifier is pumped with a 980 nm diode laser fabricated in house. The signal and pump are
multiplexed with a fibre coupler which was spliced to erbium doped fibre supplied by
Southampton University. The filter was spliced to the end of the doped fibre and the output
was monitored on a spectrum analyser. Figure 4 shows the output spectrum of the emission
form the amplifier including the pump, signal and amplified spontaneous emission with and
without the fibre filter attached to the doped fibre. Without the fibre filter an unabsorbed pump
power of 1 mW was measured and this is seen to be larger than the signal output power of 0.25
mW . While this residual pump power is small compared with the input pump power it is
wasted and will cause degradation of the sensitivity of the receiver. With the filter spliced to
the output the residual pump power is reduced by 30 dB to 1 W and there is a small increase
in the signal power. The broad bandwidth of the filter is sufficient to cover the 5 nm spread of
the multimode pump laser and most of the pumps spontaneous emission as well.

Fibre Bragg filters have been shown to be very efficient in the rejection of residual pump power
from fibre amplifiers. They have the added advantage that there is no insertion loss penalty at
the signal wavelength and if there is significant unabsorbed pump power then an improvement
in amplifier gain from 20 dB to 30 dB may be achieved.
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Gain Enhancement in Reflected-Pump Erbium-Doped Fiber Amplifiers

C. R. Giles, J. Stone, L. W. Stulz, K. Walker*, C. A. Burrus

AT&T Bell Laboratories
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Holmdel, NJ 07733
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Improved performance of EDFAs is achieved using wavelength-selective reflective filters to
double-pass the pump beam. In low-gain amplifiers these filters can increase the saturation output
power by 2 dB or reduce the pump power reguirements.

Summary

The performance of erbium-doped fiber amplifiers can be enhanced using reflectors and optical
circulators to double-pass the pump and signal beams through the erbium-doped fiber [1,2].
However, reflecting only the pump light is simpler to implement and increases the amplifier gain
and saturated output power and lowers the amplifier noise. These reflected-pump amplifiers
(RPA) are well-suited as low-gain (10-15 dB) amplifiers for ultra-long distance systems where the
amplifiers are closely spaced to limit impairments caused by fiber nonlinearities and amplified
spontaneous emission [3,4].

Three reflector-type amplifiers were compared to the conventional EDFA using a model of
amplifier gain based on the Er-doped fiber absorption coefficient, a(A), gain coefficient, g*(A)
and saturation parameters, { [5,6]. In this analytical model refiecting the pump or signal has the
same effect on gain as doubling a(A) and g'(l) at the reflected wavelength in a single-pass
amplifier (this is not the same as doubling the amplifier length). Figure 1(a) is the calculated
small-signal gain for a 14 m length of our high efficiency Er-doped fiber pumped at wavelength
A, = 1475 nm and amplifying a signal A, = 1549 nm. Use of a signal reflector doubles the
small-signal gain while a pump reflector lowers the threshold pump power. The pump reflector
also increases the saturated output signal power, as shown in Figure 1(b) for 7.5 mW pump
power. The output power at 3-dB gain compression, P34z, ranged from -1.6 dBm with the signal
reflector to +3.2 dBm with the pump reflector. Double-passing the signal is less helpful in
highly-saturated amplifiers, especially because of the need for an optical circulator to isolate the
input and output ports.
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1. Calculated gain characteristics of conventional EDFA (—-), EDFA with signal reflector (....),
EDFA with pump reflector (- - -) and EDFA with pump and signal reflector (----+). (a) Gain and
gain efficiency vs pump power for P, =1 pW and (b) gain vs signal output power for
P, =75mW. Amplifier parameters are L=14m, A, =1475nm, A; = 1549 nm,
o, = 0.86 dB/m, g, = 0.264 dB/m, 0, = 1.52 dB/m, g; = 2.14 dB/m and { = 1.21x10%m 1571,

The experimental amplifier consisted of a 14 m length of Er-doped fiber which was pumped with
7.5 mW from a 1475 nm semiconductor laser by means of a 1480 nm/1550 nm WDM coupler.
Two types of pump reflector as shown in Figure 2 were tested; a wavelength multiplexer-coupler
with a reflector on the pump port, and a multilayer silica/silicon fiber-end edge filter [7]. A
disadvantage of this particular fiber-end reflector was the filter reflectance R, = 0.29 at the signal
wavelength A, = 1549 nm, causing a 1.5 dB reduction in the net amplifier gain.

@

R,p=0.41
PUMP LASER @ — .
Ap = 1475 nm o | N OOV:'JDPTER' E .
= __[COUPLERI 5608  0.8dB
P
SIGNAL 0.4dB 0.65d8
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(b)
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= 1475 nm Er ) Pe=0%9 DEPOSITED
’ WOM * J_D___U FIBER-END FILTER
— = [COUPLERI G ggg 0848 R (1475 nm) = 0.85
—
SIGNAL 04dB
Ag= 1549 nm

2. Erbium-doped fiber amplifiers with pump reflectors consisting of (a) multiplexer-coupler with
reflective pump port and (b) fiber-end reflective filter. The pump reflectance, R, is the net
reflectance including component and splice losses,

Figure 3 compares the measured gain and noise factors of conventional amplifiers to RPAs using
multiplexer-reflectors for both co-directional and counter-directional pumping. In the
co-directionally pumped amplifiers the small-signal internal gain at 1549 nm increased from
12.6 dB to 13.4 dB once the multiplexer reflector was in place. At G =9.5 dB, the 3-dB saturated
gain of the conventional amplifier, the output signal power increased from -0.5 dBm to 0.9 dBm
upon adding the reflector. The amplifier noise factor also improved. Similar gain saturation was
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achieved using counter-directional pumping but the noise improvement for the RPA was more
noticeable; ny, = 1.9 at small signal in the conventional amplifier was lowered to 1.75 in the
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amplifiers and (b) counter-directionally pumped amplifiers.

} and RPA (- - -) for (a) co-directionally pumped

Improvements in amplifier performance were also achieved using the fiber-end filter in a
co-directionally pumped RPA. Figure 4 shows the increase in the amplified signal at 1549 nm
and the modification of the ASE spectrum. The observed increase in signal gain, 0.9 dB, might
improve to 2.4 dB using filters having high-transmission at the signal wavelength. A 2.4 dB
increase in gain is close to the limit calculated for this particular amplifier using a large-signal
spectrally-resolved amplifier model [6]. We also calculated that if R, =1, this RPA with
P, =4.8mW would have the same small-signal gain as the conventional amplifier with
P, =7.5mW. This reduction in required pump power could significantly improve the reliability

of a pump laser.
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4. Amplified signal and ASE for EDFA (—) and RPA (- - -). The RPA has a fiber-end reflective

filter with R, = 0.59. Inset is transmission spectrum of the reflective filter.
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Conclusions

Pump reflectors having 40-60% reflectance were used with 12-13 dB gain amplifiers to increase
the gain by 0.9 dB and reduce the noise factor by 0.4 dB. Better refiectors would increase the
gain and saturated output power by 2 dB. Pump reflectors might be very low cost items and
could be incorporated into other amplifier components such as optical isolators or ASE filters.
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with bidirectional pump

/ by E. Desurvire and D. Chen,
Department of Electrical Engineering, Columbia University
500 W. 120th Street, New York, NY 10027, USA

In this paper, we present an analysis of unsaturated erbium-doped fiber amplifiers
(EDFA) with fiber back-ground loss and bidirectional pumping. This analysis provides
an exac! closed-form expression for the amplifier gain as a function of input pump
power. This model is useful to study distributed EDFA's [1,2] and to determine the
optimal l‘:r:"+ concentration and pumping configuration that minimizes the required pump
power, as shown in this paper. In the case of forward pumping, it is also shown that
a simple relation exists between the input pump power required for EDFA transparency
and pump threshold, which can be usefully applied to EDFA characterization.

Theory

Let q(z) = Pi(z)/l’p';h be the relative forward (+) and backward (-) pump powers,
wvhere P '™ ig the pump threshold. In the unsaturated gain regime, and assuming
confined Er3* doping, the pump equations are [3):

dq’ 1

— =%a qt<————'—+e> (1)

dz P 1+ q+ +q P
where ap is the pump Er3* absorption coefficient, = a'P/ap, and a'p is the fiber
background loss coefficient at the pump wavelength g\ One derives from eq.(l) the

relation d(q*q~)/dz = 0 which yields qo'" a9, qL qL = q*(z)q7(2), where qoi = q*
(z = 0) and q;* = q*(2=L) and L is the fiber length. This relation enables decoupling
between q* and ¢~ in eq.(1), which can be integrated, taking the forward pump q* as
example, into the following expression:

a; a
l,n-%-—l— : —.)——dx———+a'1,=0 (2)
q, Ep iy, A +bx+a P

with a = qL+ q, and b = (1 + cp)/cp. Solution (2) can be fully expressed in terms of
elementary functions, depending on the sign of A = 4a - b2 [4].

Let P*(z) be the forward or backward signal powers (amplified signal + ASE). The
rate equations for P* are [3]:

dr* a. n, N, +|
. Qwrt +P) - Q+e 0 +Ql P 3)
dz 1+Q +n ¥ I
p
where Q = q* + q~ = q+ + a/q is the total input pump power, Ns,p = °es,p/°as,p are
]

the ratios of emission to absorption cross-sections at Ag ,p» &8 = a glag, ag and a's
being the Er3* absorption and fiber background loss coeffxclent,s at Ag, and Pg=2hvsv.
Substitution of the relation (14Q)~ | (dq’/dz)/apq (l4ep+epQ) obtained from eq.(1)

into eq.(3) yields a z-independent equation:

]
1+|]

i

dpP* a 1 n,—n, n |
— =% - {( Q+1ve +LQ)I"— Qr,| (4)
“ . . Ul
dq p 4 (]+Lptl,pQ)
Equation (4) is linear in P~ and integratable, as shown in [3]. The quality relevant
to study is the EDFA gain G (q), which, from eq.(4), takes the form:

92-17351
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G,@=exp

a, lte I“ 1+Cla+x) } )

+ =
a

& + x(a+bx+x)
qu,

with C = [cs+(qp-ns)l(l*qp)]/(lﬂzs). We focus now on the simpler unidirectional pump

case (i.e. q¢” ~ a = 0, A < 0). After integration in eq.(5), the EDFA gain at z = L

takes the explicit form:

a l+e

1+¢ ¢

L

G=G (q+)=exp[——° 2 b
+ L a

a —q;
—T—+)+2C'p1\rth( " :‘ (j " +)
l+cpqo q, taq, +2cpqL q,
This result combined with pump solution (2) yields, after integration, a relation
between the output and input pump powers:

CLn(

] (6)

£
P

T+n LnG
1+a'q+=(l+£'q+)e_m‘ with A=¢(l+¢) p(l+————————>a 7)
pL po L4 s 1+ns (as+a's)1, »
Using then relation (7) to eliminate qL"' in eq.(6) yields a second-degree equation in

qo’, whose solution is:

1 +¢ Al
ot = *5 eBLe -1 l (8)
0 & Sl I
n.-—n 1+n LnG
with B:(l+c)<‘ ”—‘) £ ; a (9
4 l+qp s 1+ns (as+as)L p

The output pump power qL+ is found from eqs. (7),(8):

qz- - e—(A+B)L U+ (10)
The EDFA gain, input and output pump powers are thus related by the simple closed-form
expressions (8),(10). Similar expressions can be obtained in the more general

bidirectional pumping case, by using the same method.

Application

The gain G can be studied as a function of input pump power q'o using eq.(8),
plotted as q+° = f(G). Pigure 1 shows such plots in the case of Ap = 1.48 pm—pumped
distributed EDFA with lengths L = 5 to 20 km, for the unidirectional and bidirectional
pump case. The fiber background loss coefficient is ag = 0.5 dB/km, and the Ec3t
absorption coefficients a (1.53 pm) = 4 dB/km and ap(1.48 pm) = 1.6 dB/km. The Er-
doped fiber is assumed to be of the aluminosilicate type with parameters np(l.48 pm) =
0.37, ng(1.531 pm) = 1.0 [5]. Figure 1 shows that as expected, for increasing EDFA
lengths the total input pump power required to achieve transparency (G=1) 1is
increasing, the value being always lower in the case of bidirectional pumping. The
difference in power requirement between unidirectional and bidirectional pumping for
transparency is8 further illustrated in fig. 2, which shows plots of the total input
pump for transparency as a function of the ratio r = q-L/q*o (r = 0 corresponds to
unidirectional pumping, while r = 1 corresponds to bidirectional pumping with equal
inputs). As the figure shows, this ratio is not critical for the shorter lengths
(L=5-15 km). Por the longer lengths, however, changing from unidirectional pumping to
bidirectional, symmetric pumping reduces the total input pump power from q’o = 35 to
q"o + q_L = 20, which represents a 437 reduction in required power. Obviously,
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bidirectional pumping with q°j > 0.5 ‘{0 is advantageous for long EDFA's (L = 20 km),
as the effect of fiber background loss becomes significant.

Another important issue is the optimization of Er3* absorption coefficient for a
given distributed EDFA length, fiber background loss, glass host, pump and signal
wavelengths and pumping scheme. The Er3* absorption coefficient is related to the
concentration p, through a, = Po"s"sa where I'j is a filling factor [6]. Thus, any
Ec3* absorption coefficient ag corresponds to different possibilities for p, and Ige.
Figure 3 shows plots of q+° + q |, = flag) for different EDFA lengths L = 10 to 25
km, with same other parameters as previously, and ap ~ 0.40 ag [5]. The figure shows
that there exists a minimum value a""s below or at which EDFA transparency cannol be
achieved. Such critical value is given by B = 0 in eq.(8), i.e., a*, = a' (1 + qp)/(l]s
- "p) = 1.09 dB/km. Below this value, the Er3* jons cannot generate enough gain to
compensate for the signal background loss, independently of pump power. For Er3*
absorption just above the critical value a*s, the pump power has to be set to a high
level in order to obtain total loss compensation, as there is an unsufficient number
of Er3* ions to provide gain. On the other hand, if the Er3* absorption is too large,
the pump power required to bleach it has to be high as well. Thus, there exists an
optimum value for the Er3* absorption coefficient as°pt which minimizes the required
pump power, as shown by the plots in Figure 3.

Using the condition G=1, eq.(8) yields directly the input pump power qo" required
for achieving transparency. In the particular case where the fiber background loss is
3+ absorption, i.e., £o,s
case in most EDFA applications) the input pump power in eq.(8) is simply:

negligible in comparison to the Er ~ 0 (as it is actually the

l’:’"(lrans.) = yapL -1 I’:)'I (10)

and for the output pump: Ppout(trans.) = Ppm(trans.)/T, where T = exp[(l—y)apL], and y
= (lﬂ]p)/(lﬂls). These expressions establish the relation between pump threshold
Ppth and the input and output pump powers for transparency, which is useful to
characterize EDPA's, as these can be experimentally measured.

In conlusion, the analytical expressions for the input/output pump powers and EDFA
gain derived in this study provide a very practical tool to design and optimize fiber
systems using chains of distributed EDPAs with unidirectional or bidirectional
pumping.

This work was supported by the Center for Telecommunications Research, Columbia University, Department of
Electrical Engineering, 500 W. 120th Street, New York, NY 10027, and IBM T .J. Watson Research Center, P.Q. Box
704, Yorktown Heights, NY 10598.
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73.6km ATTENUATION FREE CONCATENATED FIBERS
DOPED WITH DISTRIBUTED ERBIUM

D. Tanaka, A. Wada, T. Sakai, T. Nozawa and R. Yamauchi
- FUJIKURA Lu

/ 1440 Mutsuzaki, Sakura-shi, Chiba 285, Japan
1.Introduction

Recently, distributed Er-doped fiber amplifiers have become of great interest.D-5)
Intrinsic fiber loss can be compensated by the distributed gain. As a result, a fiber which
is free from the attenuation can be realized.2) Due to its small gain, the distributed EDFA
also has the advantage of low amplified spontaneous emission(ASE). Moreover, no
isolator to prevent lasing is necessary, so bi-directional transmission is possible. This
kind of fiber is also applicable to soliton transmission.5)

In this paper, we describe a design of lengthwise-distribution of Er-concentration
for long length attenuation-free fibers. An attenuation-free length of 73.6km has been
realized at the signal level of -10dBm.

—
2.Lengthwise-distribution of Er-concentration for attenuation-free fiber

In the case of a long length, distributed EDFA, the intrinsic fiber attenuation of
pump wavelength cannot be ignored. 1.48um pumping is preferable because its intrinsic
fiber loss is the lowest among the possible pump wavelengths. Modifying the equations
in Ref.(6), we solved the rate equations of a two-level laser model of 1.48um pumping.

Thgé;lre)descﬁbed as follows;
(z - 1 k dQs(z) Qp(z)
- (1+€Qp(zy\1psr+%:)Qp(z) (la) === 260, 0sErt05i)Qs(z) (1)

where Qs(z)=Pp(z)/P th, Qs(z)=(osavp)/ (cpavs)P s(Z)/P th, £=(1+“-p)/ (us'up)

Mp, Us ; ratios of emission cross section to absorption Cross section

Py(2), Ps(z) ; the pump power and the signal intensity at fiber length z

Py, ; threshold pump power

Ops, Oss ; absorption cross sections

Oyi» O ; intrinsic fiber losses

OlpErs OsEy ; erbium absorption losses
Suffix p and s denote pump and signal wavelengths, respectively. dQ;(z)/dz=0 gives the
optimum condition for attenuation-free line as follows,

(Qp(2)-1) / (1+€Qp(2)) otkrlP) - s =0 (2)
Here, Qp(2) is determined by eq.(1a). If the emission and absorption cross sections and
the intrinsic fiber loss are known, the Er concentration along the attenuation free fiber can
be calculated. In order to estimate Er concentration of the attenuation free fiber, we
evaluated the absorption cross section, the emission cross section and the intrinsic fiber
loss, measuring 10.4km attenuation free fiber of Ref.2). Fig.1 shows the total loss,
background loss and Er absorption loss around the wavelength of 1.55um. Here, the
background loss and the Er absorption loss were decomposed of the total fiber loss. The
absorption cross sections are 0.96x10-2cm?2 and 2.72x10-21cm?2 while emission cross
sections are (0.39x10-21cm? and 4.14x10-21cm? at the pumping and signal wavelengths,
respectively. By substituting these values into eq.(2), lengthwise-distribution of Er-
concentration, which gives an attenuation free fiber is deduced. Fig.2 shows a result. In
this figure, Er concentration is represented by Er absorption loss at the wavelength of

92-17352
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1.55um. In the region where the pumping power is strong, Er-concentration is
lengthwise increased very slowly(nearly constant). On the contrary, as the signal
approaches the output end, Er-concentration should be increased rapidly, because the
pumping power become small toward the output end. For example, If available pumping
power is 100mW, the maximum length of attenuation free fiber is estimated to be 3%km.

3.Experimental set-up

As mentioned above, it is required for an attenuation free fiber to increase Er-
concentration along the fiber length, however, it is not easy to control such a lengthwise
Er distribution. Then we approximated it by concatenating two distributed EDFAs of
different Er-concentration. In this case, the signal intensity change is not equal to zero
throughout the fiber, however, it is not significantly large. In an attenuation-free fiber,
spontaneous emission is hardly amplified due to the small gain. Therefore, signal to noise
ratio is kept large even if backward pumping is employed. If we splice two sets of
concatenated attenuation-free fibers as shown in Fig.3, the total attenuation-free length
can be doubled by bi-directional pumping, without serious degradation of signal to noise
ratio. Table 1 shows the constituent fibers of experimental set-up. Er concentration of
fibers #1 and #4 is 0.7wt ppm, and #2, #3, 1.8 wt ppm.

4.Gain characteristics
The gain characteristics of the fibers were investigated by pumping at 1.48um
with laser diodes. Fig.4 and 5 show results of OTDR measurement for each set with
70mW, forward pumping. A signal wavelength of OTDR is not agreed with the optimal
wavelength of the EDFA. Therefore observed gain is a little bit lower than that at
wavelength of 1.535um. This gain decrease causes signal intensity drop near the far end.
However, attenuation free length of each set exceeds 30km within 1dB ~ 1.2dB of signal
intensity deviation. From the OTDR measurement, if bi-directional pumping is employed,
more than 60km of attenuation free fiber is expected within 1.2dB of signal intensity
deviation throughout the fiber.
We also investigated the gain characteristics of long series of concatenated fibers
at the optimal wavelength for EDFA, i.e., 1.536um. Fig.5 shows output spectra after

36.8km transmission (set #1), and 73.6km (a series of set #1 and #2) with 1x66 mW and

2x66mW (bi-directional) pumping, respectively. Input signal intensity was -10dBm.
Though pumping power was smaller than that in OTDR measurement, the signal intensity
was maintained to the fiber end. The amplified spontaneous emission was fairly low even
after 73.6km transmission, and a large S/N ratio has been achieved. Noise suppression at
shorter wavelength is also observed in the output spectrum of 73.6km transmission. This
decrease, however, is caused by wavelength characteristics of a dichroic mirror at the end
of set #2, not by amplifier characteristics.

5.Conclusion

The optimal lengthwise Er distribution for the attenuation free fiber has been
theoretically investigated. Based on this calculation, 73.6km attenuation-free fiber is
realized.
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Table 1 Fiber parameters of the distributed EDFAs

erbium cutoff MED
fiber l:{:ﬁg‘ concentration | wavelength (um)
(wt ppm) (um)
#1 16.5 0.7 1.24 7.4
#2 20.3 1.8 1.38 7.5
#3 19.7 1.8 1.24 7.5
#4 17.1 0.7 1.19 7.4
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\ Noise Characteristics of the EDFA in Gain Saturation Regimes
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‘yrALS'I'HOM RECHERCHE, Route de Nozay, 91460 Marcoussis, France.

Though erbium-doped fiber amplifiers (EDFA) are very attractive candidates for optical
transmissions, one of their important characteristics is the noise properties. These amplifiers
generate low noise levels and corresponding noise figures are close to the quantum limit[1,2].
However, a number of applications, such as CATV and transoceanic links, will be highly sensitive
to excess noise above this limit. Up to now, noise figures have been experimentally [1,3,4] and
theoretically studied in several conditions, such as small- -signal or highly-pumped amplifiers[2,5].
But when looking at the behavior of the noise figure in various signal regimes as a function of the
amplifier working point, important variations appear [6]. This indicates a highly complex reciprocal
influence of the different propagating beams through the amplifying medium. In this paper, we
study the noise propertics of the EDFA, especially in the transition from small-signal regimes to
saturated gain ones. Theoretical results are shown to explain experimental observations.

Previously published papers have pointed out theoretically that noise figure should exhibit
complex form when the EDFA is based on highly performing doped fibers[7,8]. We have
experimentally observed such an unusual behavior of the noise figure in several modules based on
optimized fibers. For example, we report in Fig.1 the noise figure of a both-end 1.48um-pumped
amplifier. In both cases, small-signal fiber net gain were between 38 and 39dB. The fiber is an
alumino-germano-silicate one[9] and the signal wavelength is 1.550um. We may see that the noise
figure exhibits a significant minimum located near a -10dBm input signal level. This was attributed
to the influence of noise saturation of the medium.

Due to the great number of parameters governing the amplification processes, we use a
complete modeling of the EDFA to carefully analyze these effects. This theoretical tool agrees with
any experimental result with an accuracy better than 1dB both in terms of gain and noise[7].
However, any other comprehensive approach of the EDFA taking into account the complete ASE
treatment will give the same behavior[5,8].

To have a comprehensive view of the noise behavior in various signal regimes, we report on
fig.2 to fig.4 some typical theoretical noise figures versus the fiber length and the input signal level.
These three figures refer to the same fiber as for fig.1, the amplifier configuration being a
copropagative one and the pump wavelength set at 1.48um. For Pp=10mW and As=1.550um
(fig.2), we observe for long fiber lengths a slight minimum near -17dBm, while the small-signal
gain is actually 28.2dB at 40m. When increasing pump power up to 50mW (fig.3), we see for long
lengths (G=35.9dB at 50m) a significant degradation of the noise figure in smali-signal regimes.
However, an improvement of the noise figure appears for input signals above -15dBm and become
more significant at 0dBm. This is due to the increase of pump power leading to a higher inversion
factor at high signal levels. Furthermore, the minimum of the noise figure is shifted to -8dBm. This
behavior is characteristic of a saturation of the amplifying medium by the ASE beams, essentially
the counter-propagating one. This occurs when the launched signal is sufficiently high to break
down the equilibrium established by the pump and ASE beams. By changing the signal wavelength
to 1.533um where the gain per unit length is higher, we must see the same kind of noise saturation
quenching occuring for lower input levels. Actually, on fig.4, corresponding to As=1.533um and
Pp=50mW, this quenching appears above-35dBm of input signal. Furthermore, it must be pointed
out that, as it is the case for highly-pumped amplifiers in small-signal regime[5], the noise figure is
always slightly worse at 1.533um than at 1.550um.

Another important point is the noise figure sensitivity to the pump wavelength. In small-
signal regimes][5], the noise is reduced by lowering the pump wavelength down to 1.46um, even if
the efficiency is lowered. But for strong input signals, we see on fig.5 that the optimum is shifted
due to absorption cross-section values becoming too small below 1.47um.
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Other specific observations related to different amplifier configurations, such as the strong
signal counter-propagative configuration, will be discussed.

We analyze the noise of the EDFA in various signal regimes. Experimental observations of
unusual noise figure behaviors near the gain saturation regime are explained by the effects of the
counterpropagating ASE beam. This effect being relatively important in high gain fibers, it appears
that fiber length must be carefully chosen to avoid an increase of the noise figure without any
significant gain benefit. However, the use of an in-line filter in the middle of the erbium-doped
fiber [10,11] will avoid noise penalties as well as the use of an in-line isolator.

This work was supported by France-Telecom and Alcatel.
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Figurel : Example of noise figure behavior in a both-end 1.48um-pumped amplifier. The signal is
@ 1.550um.
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